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FBEFAGE. 



The favourable leception accorded to the Treatise on 
PraeUcal SMpbtmlding and Layuvj Off, which I had the 
honoiu: of contributing to this Series three years ago, has 
encouraged me to venture upon the present work. The 
literature of Naval Architecture in the English language is 
not at all commensurate with the impoi-tance and maguifcuJe 
. of the shipbuilding industries of Great Britain, and that 
literature which exists is practically beyond the reach of 
most of tlioso who desire and need acquaintance with it. 
Without particularising the special defects in this respect of 
existing books on the Theory of Nawd ArckUeeHm, it may 
be said that either they are too large and costly, or written 
too obscurely to place them within the pecuniary or mental 
grasp of the majority of students, draughtsmen, and workmen. 
• In preparing the present work, it has been my object to 
adapt it for the student who possesses simply a knowledge of 
elementary mathematics, and at the same time to provide 
for the requirements of those whose studies have been much 
more advanced. The former will find all the information 
necessary to enable him to perform the usual calculatioas of 
the drawing office, expressed in formuLe, or by rules easily 
applied; while the latter will be enabled, by following out 
the investigations hy which these formulsB and rules have 
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been obtained^ to gather a tolerably dear idea of the lain- 

ciples upon which they are baaed. 

In oflforing this work to Naval ArchitectSi it is hardly 
necesBary for me to say that I have been indebted to those 

who have written before me for a large proportion of tho 
ideas which it contains. It would, indeed, be impoaaible to 
write usef ally upon a scienoe which has been brought to its 
present state by tho contributions of so many minds without 
being under Buoh obligations. 

An efibrfc has been made to simplify the problems in* 
volved in calculating the stability of ships by separating tho 
calculations relating to the form of the vessel from those 
relating to her weight, and the position of her centre of 
gravity. A few alterations have been made in the usual 
nomenclature of the subject with a view to greater exacti* 
tude of expression. Some of these alterations were saggested 
by a recent writer in Naval Science, To what extent success, 
or the contrary, has attended my attempts to secure those 
very desirable objects — sunplidty and aocnxacy, it will be 
for the reader to decade. At all events, it is hoped that a 
work based upon such a plan as the author himself would 
have desired when a student will be of service to the young 
naval architect by simplifying his studies, and to the draughts- 
man and shipbuilder by helping them in their daUy duties. 

S. J. P. THEAfiLE. 

London, lebruary 1877. 



Digitized by 



CONTENTS. 



iNTBODVOnQKy ••••9 



PAKT L^CALCULATIONS BELATING TO THE 

FORMS AND DIMENSIONS OF SHIPS. 

CHAPTER L 
Calculation of Absas and Volumes. 



— Areas of Plane Surfaces — Trapezoidal Rule— Simpson's 
1st Rule: Proofs — Fractional Intervals — Simpson's 2na Rule 
— One-twelfth Rule — Worked Examples — Centre of Gravity 
of a Plane Area — Centres of Gravity of various Figures — 
' Principle of Momente— Oentre of Omvifsy of ft Plane Area 
bounded by a Curve— Volumes of Solids — Volume of a Solid 
bounded by a Plane and a Curved Surface — Calculation of 
Displacement — Centres of Gravity of Solids — Centre of 
Gravity of a Volume bounded by a Curved Surface and a 
Plaiie~-Curve of Areas of Midsnip Section — Of Sectional 
Areas — Of Tons per inch of Immersion— Of Displacement — 
Erplanation of a Displacement Sheet — Geometrical Method 
— Woolley's Rule — Froof — Centre of Buoyancy by Woolley's 
Rule — Geometrical Application of Wolley's Rule — Angular 
Measurement of Areas — Volumes and Moments of Wedge- 
shaped Solids— Moments of Inertiar-Bzamples— Ck>^ci- 
ents of Fine n es s— Table of Co-efficienta of "Finmam, • • 12 



Digitized by Google 



6 



CONTENTS. 



chaptt;r tt. 

The Mktacentrb and SnKFArr: Stabtltty. 

The Motacentre — Transverse Metacentre — Surface Stability — 

r'ixt;il Mctaceiitro — To obtain rositiou of Transverse ^let a* 
ccutre — Motaccutric Surface Stability — Calculation for 
Transverse Metacentre Kx plained — More Kxact Calculationa 
ot Surface Stability — Intersections of Water Planes—MetlAod 
of Measurement- -Specimen Calculation-Dynamical Stability 
—Dynainical Surface Stability — Specimen Calculation— Sur - 
face of b'lotatujn — Centre of hlotation — Axia of Level Motion 
-—Curve of l>uoyancy — Surface of Buoyancy — Metacentric— 
J^ongitudinal Metacentre — Calculation for J^ongitudinal 
Metacentre Explained — Longitudinal Metacentric" Surface 
Stability — Comparative Surfaci^ Stabilities of Diirerent 
Vessels, 86 



PART II.— CALCULATIONS RELATING TO THE 

WEIGHTS AND CENTRES OF GRAVITY 

OF SHIPS. 



CHAI^TER nr. 

Stability and Trim. 

Centre of Gravity— Metacentric Statical Stability — Exact Calcn' 
lations of Statical and l)>mamical Stability— To iind the 
Centre of (jrayity V)y Experiment—Specimen Calculation — • 
Alteration of Triin oy Shifting Weignts— Moment to alter 
Trim one inch — Alteration of Trim by adding a Weight^ 
When Weight is inconsiderable — When considerable— EHect 
on Trim by admission of Water in ddlerent ways — Effect on 
StaTxility l)y moving a Weight— By adding or removing a 
Weight — Jiy admitting Water m ditierent ways, . . 112 

fiHAPTTCR TV. 

Calculations of the Weights and Centres of Gravity of Snirs. 

Preliminary Calculations: Approximation to Weight of Hull— - 
To Centre of (xravity— -To Centre of Buoyancy— To of 

GM. Detailed Calculatlom: Armour— iiacking—lJeck Plat - 
ing— Bottom Plating — Expansion of Jiottom- Bottom Plank- 
ing— Deck Beams— Tlating— Elats—Bulkheatls— Trans verse 
Framing— Method with Curves — T>ongitudinal Frames — 

nttuigs, 151 



1^ d by Google 



CONTENTS. 



7 



CHAPTER V. 
Curves of Stability. 

TAa» 

Metacentric Cnrves— Curves of Statical and DynaTnical Sttability 

—Specimen Calculationa — The Body Plan — Measuript; tlie 
Ordinates — Preliminary Tables — Combination Tables — 
yolumes and Moments of Assumed Wedges for iStatical 
Stability^— Area and Centre of Gravity of Inclined Water 
Plane— IS tatical Correction for Layer-— For Appendages- 
Values of BN and GZ— Check Spot— Curve of Dynamical 
Stability — Dynamical Correction for Layer— For Append - 
ages — Geometrical Method of Calculating pynamical Sta - 
bility — Uurvo of Statical Stability at Light Draus^ht, . .180 

CHAi*TER VI. 
VVa\'E3 and Kollixq. 

Still Water Rolling—The Revolving Pendulum-— Isochronoas 

and Free Oscillations — The Equivalent Pendulum— lladius 
of Gyration — Period of Still Water Rolling — \Vingiiig out 
the Weights— Pitching— Still Water Kcsistances to^ Rolling 
—Dipping— -Period or Dipping— Waves : their Forms-^ 
Motion— Form of Surface— Motion of Wave Surfaces and 
Sub-surfaces — Sub-surfaces of Uniform I'rcssure — Resulkmt 
Pressure — EU'ectivc Wave Surface — Internal Stnicture of a 
Wave — Period of a Wave — Rules and Formuhx* for Waves — 
Passive Rolling— Rolling in a Sea-way— StiU'nesa — Steadi - 
ness — Periods of Usciilationa of certain Ships, . , . 204 



PART m—CALCULATIONS RELATING TO THE 

STRENGTH OF SHIPS. 

CHAPTER YU. 
Local Strength. 

Definitions — PropertieB of Bodiea under Stress— Intensity of 

Stress — Classes of Stress — Local Stresses — Diameters and 
Spacing of Rivets — Butt Straps — Edge Connections — 
Strengths of i3utt Straps — Strength of a ?Shift of Plates — 
Strength of Pillars — Beams— Shearing Stress— Bending Mq - 
ment— Bending Moments and Shearing Stresses for Various 
kinds of Loading and Modes of Siipport — Resistance to 
Bending — Sptecimen Calculations — The Dciiections of Beams 
Examples — Strength of Bent Pillars — Twisting Moments, . 238 



1^ d by Google 



8 



CONTENTS. 



CHAPTER VIIL 
Structural STRgyflnr. 

Still Water Stresses— Cun-o of Baoyancy—Of Weiglit of Hull^ ^°* 
--Of Ixidi n g— Of Wcighte— Of Loads— Of Shearing Stresses 
•—Of l>endiiig Moments— 8tkes.sp:s A^roN(; \VAVES--Curvc of 
l^u oyancy — Of Shearing Stresses and Bending Moments — 
Table of certain Maximum i5endmg Momente and Shearing 
Stres s es- Appiication of preceding Results— Neutral Axis 
of a Ship— Equivalent (yirder — Moment of Inertia of a Sec - 
tion—Specimen Calculation— ]Mr. J ohn'a Investigations, . 304 



PAKT lY.— CALCULATIONS RELATT^rx TO 
PROPULSION OF SHIPS BY SAILS. 

CHAPTER IX. 

Masts— Yards— Sails — Rigs— Sailing— Real and Apparent Mo - 

tion the Wind— JbJticctive lm]julse of the Wind — Trim of 
Sails — Effect of the Position of Centre of (gravity (Longitu- 
dinally) on a >^hi2)'3 Saihng quahties — Uentre of Ejiort— 
^peed under Sail — Stalnlity under Sail — Steady Impulse and 
Sm all Inclination — Steady impulse and any Inclination — 
jiiliect of a (iust of W md, 321 



PART Y.— CALCULATIONS EELATINC; TO 
PROPULSION OF SHIPS BY STEAM ENGINES. 

CHAPTER X. 

Reaction of the Water— Slip, etc. — Experiments onH.M. Ship 
Greyhound— Law of Resistance— -Comparative rerformances 
of Steam Ships — Constants of rerfonnance — The Measured 
Itlile — Mean Speed — Trials at varied Speeds — Negative Slip, 345 



[PART YL--CA LCULATIONS RELA TING TO THE 

STEElMNa OP SHIPS. 

CTTAPTER XT. 

Steering—The Rudder—Principle of the Rudder — Angle of Maxi- 

mum Efficiency— Angle of ^laxiiimni Inefficiency with rega rd 
to Power applied — Usual Angle of Rudder— Areas of Rudders 
— Ratio of i'ressure and Velocity — The Balanced Rudder, . 361 

1^ d by Google 



r 



THEOBETICAL NAVAL ABOHITECTURB. 



INTRODUCTION. 

Thb work of tlie Navtd Architect is to deeign a floating 
Btructure, stable, seaworthy, and strong; capable of being 
propelled with facility either by the wind, by steam, or some 
otiier motive power, and adapted for the particular service 
in which it is to be employed, whether as a fighting ship 
or for carrying merchandise or passengers. In every case 
certain qualities, Tiz., stabilily, sea-worthinesB, strength, speed, 
stowage, and accommodation, have to be fulfilled in a varying 
ratio according to the purpose for which the ship is intended. 
In a ship of war certam other qualities have to be obtained, 
such as power of canying and fighting guns, and sometimes 
invnlnerability; these too being provided in different ratios 
of importance according to the duties the ship has specially 
to pecfozm. It is the art of securing these qualities, and 
apportioning them in the several degrees necessary to secure 
the maximum efficiency of the ship in her pecnMar vocation, 
that constttutes the functions of the Naml Architect^ and 
renders his duties among the most difficult and onerous that 
fall into the hands of man to perform; requiring, as they do, 
a knowledge of some of the most complex and abstruse 
physical laws, and a wise discrimination in applying experi- 
mental data. 

The development of the science of Naval Construction has 
been very slow until within the last century, netwithstand- 
ing that Naval Architecture has a history dating bade almost 
as &r as that of land architecture. Indeed, until the appli- 
cation of iron to shipbuilding, no considerable improvement 
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10 tHEOBETIOAL NAVAt ARCHITECTURE. 

could be observed in the mode of constructing ships during 
several centuries. The advances that have been made during 
the past twenty years, especially in regard to war ships, are 
far greater than can be traced during at least one hundred 
and fifty years previously. But, while the growth in the 
mechanical or building branches of the art have been most 
iiii})ortant, resulting, as they have, from tlie rapid develop- 
ment of new resourceg, and the bringing of po^yerful forces 
of nature more under our control, it is to the enlargement 
of our knowledge in the scientific — or, as it is termed, the 
tlie(jretical department — that we should attribute a large 
share of the credit for the unjjaralleled rapidity of our advances; 
as by it Ave have been guided safely, in the wide departures 
from the old lines of experience and routine, into modes of 
construction wiiich have been rendered necessary by the 
altered circumstances of the present day. 

It is to the French that we are indebted for the first 
definite and consistent application of scientific truths to 
Naval Construction; and, until within recent years, the prin- 
cipal text-books on naval science were written by French- 
men. The superiority over our own ships in point of 
sailing and sea-going qualities displayed by sliips of war 
which we had captured from the French, during the wars 
of the last century, caused our own naval architects to 
frequently build upon the French models; and this con- 
tinued until, in the year 1811, we began, in earnest, the 
scientific study of Naval Architecture. From that time, 
until the present day, England has not been without highly 
trained men, into whose hands she could confide the respon- 
sible task of providing her with trustworthy and suitable 
ships for the several departments of her warlike and mercan- 
tile navies. 

It has already been stated that a ship should fulfil a 
number of conditions, some of these being more prominent 
than others; in each case prominence being given to thoso 
qualities which are essential for the service the ship is especi- 
ally intended to perform. We purpose in the following pages 
to discuss these several qualities, and show how the posses- 
sion of each is to be obtained. This discussion will necessarilv 
in^'olve statements and explanations of scientific truths and 
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mathematical formulae, also illustrations of calculations which 
have to be made in the application of those truths and 
formuljB. 

In considering the Theoretical Principles of Naval Archi- 
tecture, we propose to treat the several branches of the 
inquiry in the following order: — 

1. Oalculations relating to the forms and dimenBiona of 

ships. 

2. CalcolationB relating to the veiglits and centres of 

gravity of ships. 

3. CSdculations relating to the Btrengths of ^ 

4. Oalculations relating to the propulsion of sups by sails. 

5. Caleolations relating to the propulsion of ships by steam 

engines. 

6. Oalculations relating to the steering of shipBL 



Digitized by Google 



PART I 



CAJXIULATIONS RELATING TO THE EOEMS 
AND DIMENSIONS OF SHIPS. 



OHAPTEB L 

CALCULATION OF AREAS AND VOLUMES. 

Baoyancy — Stability — Hydrostatical Principles — Displacement — 
Areas of Plane Surfaces — Trapezoidal Rule — Simpson's 1st Rule: 
Proofs — Fractional Intervals — Simpson's 2nd Rule — One-twelfth 
Bnle— Worked SzampleB— -Centre of Gravity of a Plane Area — 
Centres of Gravity of various Figures — Principle of Moments — 
Centre of Gravity of a Plane Area bounded by a Curv^e — Volumes 
of Solids — Volume of a Solid bounded by a Plane and a Curved 
Surface — Calculation of Displacement — Centres of Gravity of 
SoHdi— Centre of Gravity of a Volume boonded by a Carved 
Surface and a Hane— Oiurve of Areas of Midship Section — Of 
Sectional Areas — Of Tons per inch of Immersion — Of Displace- 
ment — Explanation of a Displacement Sheet — Geometrical 
Method — Woolley's Rule — Proof — Centre of Buoyancy by 
Woolley*8 Rule — Geometrical Application of Woolley's Rule — 
Angular Measurement of Areais — ^Volumes and mcmaaim of 
Wedg»- shaped Solids — Moments of Inertia — Examples— Co- 
effidents of Fineness — ^Table of Co-efficients of Finenesi. 

.1* The essential qualities eought for in a ship are that she 
shall be able to float and carry a cargo of some kind with 
safety; and that, too, at a certain speed when under the 
influence of a propelling force. In order to do this, it is 
requisite that she shall possess buoycmcyf stability, and 
strength; also that she shall be of such a form as to move 
through the water without an nndne expenditure of force. 
We purpose, considering in this and the next division of the 
.•subject, the two first of these qualities; and leave the discus- 
sion of strength and speed for succeeding chapters. 
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S. Baoyanoy u that quality whereby a ship, or any other 
floating body, is enabled to support a certain weight: in the 
case a ship, it is necessary that that weight should be 
carried without her mnking too deeply in the wateri or float- 
ing too lightly on it. 

& Stability is that quality, goiremed both by the form 
of the ahip^ and the poehions of Sie weights carried, whereby, 
when she is inclined oat of the upright position^ she immedi- 
ately seeks to recover herself; and, in passing, it may be 
remarked that Ihis amount of stability should be sufficient 
to prevent her from heeling, whether under the influence of 
the wind or waves, to such an extent as to endanger her 
safety, or produce inconvenience; and, at the same time, 
should not be so great as to produce abruptness in her move- 
ments sufficient to strain or damage the structure or its con- 
tents. The influence of the positions of the weights carried 
upon the stability of a ship will be considered in Part II.; 
for the present, we propose to confine ourselves to a discus- 
sion of the influence of a ship's Jo7'm upon her buoyancy and 
stability. 

4. Hydrostatical Principles. — A body floating in a fluid, 

in a state of equilibrium, i.e., with no disposition to sink 
deeper, or rise higher with regard to the surface of tho fluid, 
displaces a volume of that fluid exactly equal to its own 
weight. For instance, suppose a cubical block of wood, 
each of whose edges is one foot long, when placed in fresh 
water to sink to a depth of six inches, so that exactly one 
half of its volume is immei-sed, and then to float in a stiite of 
repose; we at once conclude that, bulk for bulk, the wood 
weighs just half as much as the water. In other words, 
taking the weight of a cubic foot of water at 1000 ounces, 
the cubic foot of wood weighs 500 ounces ; for that is the 
weight of the half of a cubic foot of water that would fill the 
space occupied by the portion of the block of wood that is 
immersed.''^ Should the block of wood sink until the surface 

* Aa a fact, it should be here observed that a cubical block o£ 
wood, whidi weiffhs a half that of an equal vdnine of water, will 
not float in equilibrium in the manner here supposed, with one of its 
sides horizontal, but with one of its angular points apwanlk^Thiii 
can be verified by experiment. ^ 
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of its uppermost face is level with that of the watoFi we con- 
dadd tiukt^ bulk for bulk, the wood and water weigh the 
same. 

This may be proved experimentally in the following manner: 
Fill a bowl with watefj and place it in a dish capable of con- 
taining water. Then gently place any body, that will float, 
upon the siirfiEtoe of the water. In sinking to its proper depth 
of immersion, it will diflplaoe a certain quantity of the fluid, 
which will flow over the edge of the bowl into the dish. 
When the body is in equilibrium, I'emove it; and by weigh- 
ing the body, and then the whole of the water that flowed 
over the edge into the dish, their weights will be found to be 
the same. Replace the body, and load it until it sinks deeper 
into the fluid ; weigh the water that again flows over the edge 
of the bowl, and its weight will be found to be tlic same as 
that of the material with which the body was loaded. 

Before passing on, it should be remarked that in the case 
of the cubical block that sank to half it depth in the fluid| 
the wood of wMoh it was composed was bulk for bulk half as 
heavy as water; assuming that the water was distilled, then 
it is said of the wood that its spedfio gravity is ^ or -5; the 
term specific gravity meaning the ratio of the weight of any 
body to that of an equal volume of distilled wat^. In the 
second case, when the wood wei^^ied the same as an equal 
volume of water, its 9peeifio gravity was unity. Shotdd the 
body sink to the bottom of the fluid, its specific gramty is 
determined by placing it in a bowl fail of waleri and com- 
paring its weight with the weight of the fluid ihaJb flows 
over; the volumes being evidently identical. By this it will 
be seen that the specific gravitjr of a floating body is less 
than unity, while that of a body that sinks is greater than, 
unity. The accompanying table of spedflc gravities of 
materials used in uie construction of ships is given,* not 
because of its immediate use at this part of our subject^ but 
because of its bearing upon the piincqdes imder considera- 
tion. The figures axe given upon the authority of Professor 
Bankine. 
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TABU or 8PICIFI0 ORAYITIIS OF XATEBIALS USED IK 
THB OONSTBUCnOSr OF SHIPS. 



Ced&Tt 

Cowdie,., 

Tgityi, 

itl^^iUifti^.. 

[ Spruce, 



Aiaerican Yellow 



Pine, 

Larch, 

Greenheart, 

Lignum Vitce, 

Mat)(^piy, Houdu ras, 

,, Cuba, 

Mora, 

Oak, £nroi>ean, ...... 

„ AmericMittBed, 
Teak, Indian, ..^.^Vm* 
African, 



Specific 
Gravity. 



•67 y 

'544 

•48 to 
•48 to -7 

•4G 
•5 to -56 
l-OOl 

•Go to 1 -33 

•85 
•92 
*69to'99 

•87 

•GG 

•ys 



Brass, cast, 

Copper, cast, 

sheet, 

„ hammered, . . . 
Iron, cast, average, ... 
wrought,ayerage 

Lead, 

Steel, 

Zinc, 



Gravity. 



7*8 to 8-4 

8-6 

8*8 

8-9 

7-11 

7 -GO 
11-4 
7-8 to 7-9 
6-8 to 7-2 



It must, however, be clearly uuderstood that it is uot 
essential to the buoyancy of a vessel that she should be con- 
structed, even in part, of materials having a specific gravity 
less than unity. All that is necessary is that the volume of 
water displaced, when floating at the required depth, should 
be of the same weight as that of the vessel and her contents. 
As an illustration, we may cite the common phenomena of a 
porcelain tea-cup or a glass bottle — the materials of each of 
which have a higher specific gravity than water — ^floating so 
long as no more than a certain weight of water, or any otiier 
substance is contained in them. Tlie buoyancy depends upon 
the form as well as the specific gravity of the floating body, and 
it is to the former quality that we now wish to direct attention. 

fi. Displacement. — ^The weight of any body floating at 
rest in a fluid being equal to that of a quantity of the fluid, 
equal in yolnme to the portion of the body that is immersed, 
it oonaequently follows that if we want to know the weight 
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of the body, we can determine it by first calculating that 
volume in terms of some unit of measurement — say a cubic 
foot — and then multiplying the volume by the weight of a 
cubic foot of the fluid. Now it happens that in the case of 
fresh-water, at its ordinary tempei-ature, a cubic foot of it 
weighs 1000 ounces, or 62| pounds avoirdupois; in other 
words, 35*84: cubic feet weigh 1 ton. Salt-water being some- 
what denser, 35 cubic feet are found to weigh 1 ton. 

It will thus be seen that when the immersed portion of a • 
floating body is of some regular form, admitting of the appli- 
cation of a simple rule or formula in the determination of its 
volume, the problem of calculating the weight of the body, 
by the knowledge of this law, is of a very easy character. 
This was exemplified in the case of the floating cube of wood 
already referred to. But the bottom of an ordinary ship is 
not of this regular and well-known form, and, consequently, 
the pro])lem of determing the vohme qf dAaplacementi or the 
displac&mmt" as it is usually termed, requires the applica- 
tion of one or other of several rules, which have been investi- 
gated by the aid of prind^es, founded upon the integral 
calculus, and which are given in such forms as to admit of 
ready use, without requiring, on the part of the calculator, 
a knowledge of those principles upon which they are foimded. 
The two principal of these rules are known as " Simpson's* 
Ist and 2nd Rules," while another is known as " WooUey's 
Bule."* In each case the name is that of the inventor of tiie 
formula. These rules we shall presently state. 

It must first, however, be understood that dLsplacement 
calculations are made for two pui-poses : — First, In order to 
insure, when designing a vessel, that there is a sufficient 
volume in the portion of the ship when immersed up to a 
certain height, diosen for the level of the water surface, that 
the weight of an equivalent volume of water may be as great 
as that of the total weight which the ship and the cargo she 
Las to carry is expected to have. " 

Second, in order that when a ship is afloat, we may deter- 
mine, accurately, the total weight of herself and the cargo on 
board; it beuog obviously quite impracticable^ if not impossible, 
to determine that wei^^t in any other way, with certainty* 
* These are sometimeB known as Stirlii^s Bales. 
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The elementaiy prmoiples of Imajtaief being thus estaib- 
lisliedy and the reasons gLven for obtaining the Toliime» and 
ihenoe the weight of dii^laoement^ we will proceed to ei^lain 
how that volume is determined in the ease of a ship. It is^ 
however, necessaxy to first consider the aieas of plane suv 
fsuoBBf such as those obtained by cutting transverse sUoes off 
a ship, and then advance to the discussion of the modes of 
obtaining the volume of the whole body immersed. 

6. Areas of Plane Snrfaoes Bounded Iqr Straight Lines. 

— The simplest form of plane area that we have to measure 
is that of a square (fig. 1), or reetangle (fig; 2), which, it is 





Kg. 1 Fig. 2.. 

hardly necessary to say, is obtained by multiplying together 
two of its adjacent sides, as AB and AD ; these being equal 
in the case of the square. 
The next form is that of 
the triangle (tig. 3); and 
since, in the cases we 
have to consider, it can 
always be measured in 
any way thought desir- 
able, its area is simply 
found by multiplying one 
side, as BC, by the per- 
pendicular AD, drawn Fig. 3. 
to it from the opposite aDgle, and then dividing the product 







Fig. 4 Fig. 5. 

by 2. The rhombus (fig. 4) and rhomboid (£g. 5)^ can each 



4b 



B 
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be divided into two equal triangleBy and so calculated ; or, 
which is the same tbing, the aiea in each case is found by 
multiplying either of its sides, say BC, by the perpendicular 
distance EF, between that side and the side parallel to it. 
The trapezoid (fig. 6), is a four-sided rectilxDeal, or straight 

lined, plane figure, only two of 
whose sides are paiallel. Its area 
is obtained by adding together the 
lengths of the two parallel sides, 
AD and BO, and dividing the 
sum by 2, then multiply this re^ 
suit by the perjiendicular distaQce 
EF between these sides, and the 
product is the area. This pro- 
is eqniyalent to obtaining the mean breadth of the 
figure, and miiltiplying it by the length; or, in other words, 
obtaining the area of the equivalent rectangle. The area of 
the trapezmm (fig^ 7), and that of any other irregular recti- 
lineal plane figure (as in fig. 8), is obtained by dividing 



f 

I 



-T — 

Kg. 6. 




Fig. 7. Fig. a 

^ area into iriaii§^ each ci whidi can be calculated in 
the manner already described, and tiien summing the 
results. 

7. Ams of Plane SnriSms wholly or partially boonded 
!^ Onrred Unes. — ^Ihere is agreat nmnber of plane figures, 
wholly or partially bounded 1^ curved lines, the areas of 
which can be detnmined by simple rules; for instance, the 
oude, segments and sectors of ciieles, ellipses, parabolas, etc. 
For our purpose, however, in calculating the areas of such 
plane fi(;iixes as Are fftvea by ibe seotians of a shin, we c|o 
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not concern ourselves with these simple figures, each of which 
is measured by a separate rule; but attend ratlier to a rule, 
or rules, applicable to all plane surfaces bounded by curved 
lines, and giving results which, while more or less approxi- 
mate, can always be depended upon for a close degree of 
accuracy, if sufficient pains are taken in their application. 
As we shall see presently, these rules are true only for certain 
figures; nevertheless the assumption of their universal accu- 
racy for all cun OS in a ship's form is not productive of a 
greater degree of error than is admitted in measnriog mth a 
BCale from an ordinary drawing. 

It is hardly necessary to state that the two " dimensions,** 
or directions for measurement of plane areas, are termed 
length" and " bread th.'^ We will now dispense with these 
terms, and use in their stead two othei's which are necessarily 
employed in the measurement of curved areas. These are 
''ordinate" and ^'abscissa." In figs. 1, 2, 4. and 5, BC and 
AB are usually termed the length and breadth; in the nomen- 
clature now to be used, AB will be an " ordinate," and BC 
an "abscissa" In Algebraical language, BG is generally 
known as x, and AB as y. 

In fig. 9; adjoining, ABCD is a trapezoid, the sides AB 
and CD being parallel. 
According to the rule 
already given, the area of 
this figure is obtained by 
adding AB and CD together, 
and then multiplying half 

of their sum by BC. In 

Algebraical language, AB B<. oc. -^tu- 
would be termed "the ordi- Fig. 9. 

nate y^" and CD — "the ordinate y^* ; also BC would be 
styled "an abscissa x" Consequently, this rule expressed 
in a formula would appear thus - 

Similarly, if another trapezoid be constructed, such as 
DCEF, having CE in a straight line with BC, and the side 
DC common to the two figures; then sibling ££* as and 
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CE as fl?!, the area of DCEF is equal to g^' a?^ Hence tiio 
area of the whole figure ABEF is equal to 

yi.*is,+y^,, (A) 

Let BO=OE, or s^Xj, and the area beoomes 

y.+2y.+y. ^ ^B, 

This rimple ease will senre to familiariae the stadent 
with the meaning of the terms abicUia and ordinate; also 
<tf the symbols used to express them, and the manner in 
which they are employed in expressing the Talne of an 
area. 

In preparing a plane area tar calcnlation in this manner, 
the ordinates are always drawn perpendieolar to the absdssay 
and they are spaced either all equidistant, or else some of the 
ordinates are a multiple, such as one-half of the distance 
apart from each other ; so that the absciasfe are either all 
equal, or perhaps a few are some multiple of the other 
abscissae. 

8. Trapezoidal Rule for Plane Areas. — It will, no doubt, 

have already suggested itself to the student, that the area of 
a plane surface, bounded by a straight line and a curve, can 
be easily approximated to by dividing it into a sufficient 
number of trapezoids, as in fig. 1, Plate I. Suppose the 
area be required of the plane surface ABECD, bounded by 
the straight lino A D and the curve BEC ; also, for simplicity 
sake, by two end ordinates AB and CD. Divide the base 
AD into a certain number of equal paits at a,b,CjFjdy etc., 
and draw the ordinates qfybgjCh,FE,dk, etc., to the curve; 
these we shall hereafter term dividing ordinates. Then by con- 
sidering each of the figures BAaf, /abg, ghch, etc., as a trape- 
zoid, and summing their areas, wo obtain a I'esult which is 
less than the true area of ABECD^ by the collective areas of 
the small spaces enclosed between the ticked straight lines 
Bfyfgy gh, etc., and the curve BEC. It is evident that by 
taking a sufficient number of ordinates we may obtain, in 
this way, an area which will difier from the true one by as 
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email an amount as we please. Also, that in the case of a 
▼eiy flat or nearly straight curve, fewer ordinateB aie reqaiied 
than if the carve is very convex or concave. Agjun^ when 

a portion of the curve is more concave or convez than iib» 
remainder, in order the better to approximate to the are% 
the ordinates should be closw at that part than elsewhere. 
Let the lengths of the ordinates AB, qf, bg, etc., in fig. 1, 
Plate I., ^ expressed by the symbols y^, 2/3? ^^'y 
abscissa or common intei-^ al between the ordinates, viz., Aa 
or ab, etc., be expressed by x. Then by formula (B), in Art* 
7, the total area of the trapezoids becomes 

2 2 2 2 

adding, we get 

(ifi +*! +*« +2^f +y8)| (B) 

or 

(*i|^+yt+yi+y4+y.+y«+yT)» (C) 

and by choosing a sufficient number of ordinates, and thereby 
reducing the size of each trapezoid, we may make this expres- 
sion represent, as nearly as we please, the area of the figure 
ABECD. 

Written out, formula (C) may be stated in the following 
rule, termed the trapezoidal rule: — 

Divide the base into a sufficient number of equal parts, and 
draw and measure ordinates at tlie points of division. Add 
together all the dividing ordinates, and one-half of the end' 
most ordinates; mtdtiply the sum by the common interval: 
the product loill be the required area, nearly. 

Should it be considered desirable, owing to the greater 
convexity or concavity of the curve at some parts, to intro- 
duce intermediate ordinates at such places, then the areas of 
these lesser trapezoids, also of the portion made up of the 
others, must be calculated separately. For further particulars 
on the mode of dealing with subdivided areas, the student is 
referred to Art 12, where the mode of expressing the total 
area in such a case, by one formula, is explained. 

9. Simpson's First Rule. — ^The basis of Simpson's rules 
for the calculation of plane areas is founded upon an assump- 
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tion, which is practically true for the curves met with in a 
ship's hull, viz., that they are members of the group known 
as parabolic. The term /;ara6o^ic, as here used, has a wider 
meaning than that of the ordinary parabola of the conic sec- 
tions. In the sense the term is here employed, it refers to 
all curves, any ordinate of which can be expressed by means 
of one or more terms, each of which is proportional to somo 
power of the abscissa corresponding to that ordinate. The 
parabolic curve is said to be of the second order, the third 
order, etc., according to the exponent of the highest power 
of the abscissa. 

JSimpsons First Ride, however, is founded upon the assump- 
tion that the parabola is of the second order,* and therefore 
that of the conic sections. The result obtained by its 
a})plication to the curves of ships is found sufficiently 
correct for all practical purposes. We will now proceed 
to investigate it by a simple method, based u2)on a funda- 
mental property of the parabola of the second order, which 
property it is not necessary to demonstrate in a work of this 
kind. 

10. Simpson's First Rule — Proof First. — A parabola of 

the second order is a curve, such that the area of any one of 
its segments is two-thirds of the product of the base and 
deflection of that segment. Another property of the common 
parabola is, that the deflection of any arc is pi'oporiional to 
the square of its base. 

In fig. 2, Plate I., let CKD be a portion of the arc of a 
parabola PI^Q upon the btise FQ. J oin CD, and through 
the points C and J) draw CA and J)B, ordinates perpendi- 
cular to the base FQ. Bisect AB at F; also bisect AF and 
FB at F and G, respectively. Through the points F and G 
draw the ordinates FJ{ and GL perpendicular to FQ. -Join 
CK and KD. Then KO, the length of the ordinate FJC 
intercepted between the chord CD and the curve, is termed 
the deflection of the arc CKD, also Mil and NL are tho 
deflections of the arcs CHK and KLD, respectively. The 
property just stated, viz., tkoA the deflection of any oftc ia 

* Mr. C. W. Merrifidd has shown that Simpson's First Rule is 
also true for a cubic parabola, or parabola of the third order* Se9 
TroMOc^OM qf the JmtiiiUioR tf Naval ArchUect9, YcL \L 
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jMYQNirfKmaZ to tfa «giiafv tto heue, vill^be perhaps better 
underatood -when we put it thus: 

OK : HM :: AB> : AE> 
and since AB : AE :: 2 : 1 
• % AB« : AE» :; 4 : 1 
*.* 0£ : HM :: 4 : 1 

andtimi HMs^ 

4 

Similftrly, NL = ^ = HM. 

Suppose it be required to find the area of the figure 
ACKDBj bounded by the base AB, the two end ordinates 
AC and BD, and the parabolic curve CKD. Employing the 
trapezoidal rule, stated at Art. 8, and using only one divid- 
ing ordinate, viz., EK; the area we obtain is that of the two 
trapezoids forming the right-lined figure ACMKNDBj which 
is less than the true area by the sum of the areas of the 
parabolic segments CHK and KLD. Again, if we use 
three dividing ordinates, we obtain the area of the figure 
ACHKLDB, composed of four trapezoids, which is less than 
the true area by the sum of the four parabolic segments 
C//, HK, KLj and LD. This latter result is more neaily 
true than the former, inasmuch as it includes the areas of 
the two triangles CHK and KLD, which were neglected in 
the former. It will readily be seen that by bisecting the 
portions AF, FE, EG, etc., of the base, and so erecting four 
intermediate ordinates, we approach the true area by the sum 
of the four triangles in the segments CH, UK, KL, and LD; 
and by increasing the number of the ordinates indefinitely, we 
shall approach the truth as nearly as we please. Hence the area 
of the whole figure ACKDB is made up of the following : — 

In^oid ACDB+triangle CKD + triande CHK+triangle EU) 
+ triangles in segments CH, HE, KJj, LD+eto., etc. 

NegLectiiig the tntpesoid AGDB for the pvesent, we thU find 
the sum of the areas of all the triangles, such as are drawn 
in the figure, which, m the UmiU, oompose the paiabolio 
segment C£D, 
The area of the triangle CKD is equal to 

ABxKO 
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Alio the ams of the triao^^ CSK and ELD axe eadi 

e<^ual to 

iLB HM AB NL 

but HM=NL=^. 

Therefore the areas of the triangles are each equal to 

AB OK_ ABxOK 
2 8 " 16 ' 

•nd the sum of the two=^ ^ 



at foUowB that their mms 



8 ' 
ar eaCKD 

"4 • 



Similarly, it may be shown that the sum of the areas of the 
triangleB in the SQgments Cff^ HK^ KL^ and LD^ is equal to 
one-fourth the sum of the areas the triangles CHK and 
KLD^ or one^teenth the area of the triia^ CKD^ and 
so on. 

Henoe we have for the area of the parabolic segment 

(1+1+1^+ A+Tb+etc). 

adding together a sufficient number of terms of this 
endless series, we can approach the true area of the parabolio 
segment as nearly as we please. 

The limit of the series can be found exactly as follows : — 
If wo take the fniction f of any unit, and add to it J of the 
remaining quarter, or -j^ ; then ^ of the remaining sixteenth 
or and so on, we obtain successLYely the sums: 

which obviously approach nearer and nearer to nnify, and 
may be made to approach as near to unity as we please by 
carrying on the series fax enongh. Therefore the Uml of the 
sum of the endless series, 

and dividing by 3, we End that the limit of the sum of the 
endless series, 
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is one-thirdL Consequently, the exact area of the parabolio 

segmeut is 

ABxKO ,, . 2xABxK0 
— 2] — U+i)= 1 , 

as already stated. 

Henco the area of the whole figure ACKDB is equal to 

added to 4( AB x KO) = parabolio segment. 

But |(ABxKO)::=|AB(BK-KO) 

=|Ab(ek-^™). 

Hence whole area 

=^ (AC+4EE+BD). 

D 

The same result may be demonstrated when the parabolic 
arc is concave, by taking A^E^B^, parallel to AEB^ as the 
base, finding the area A^CKDB^\ and then subtracting the 
parabolic segment CKD from the trapezoid, A-fiDB^, 

This is the basis of Simpson's First Kulo. In the proof we 
have given, there is only one dividing ordinate; in order to 
obtain the role in its general form, we have to plaoe^ side by 
side on a common base, a number of such elementary parabolic 
areas, as shown by fig. 2, Plate I., and then determine an 
expression which will repi-esent the area of the whole para- 
bolio figure. In fig. 1, Plate II., let PRSTQ be a parabolic 
figure on base PQ^ and divided by the equidistant ordi nates 
6, df etc.; a and g being the two end ordinates, and the 
common interval A. Then the area of the space included 
between the ordinates : 

a and c = yt(a -^Ah |- r) 
between c and e = ^A(c + 'id + e) 
between e and g ~ \h[c + if+g). 

Adding these areas together we obtain 

Total area FBSTQ=iMa+4(+2e+4cI+2e'f 
which is the rule for seven ordinates; and, similarly, the 
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▼aloe of tiie azeay in temis cf any otlifir odd uoniber of ojiii- 
distent ofdinafces and thflir oomnum intervala^ maj.be es- 
praned by a sbnilar ibrmtd«. 

SmpmniB Fini Etde may therafoie be thus stated:-^ 

Bmde the base into any even number of equal lengtiba^ 
and tiiroogh these points draw ordmates to the curve, which 
ofdinates will consequently be odd in nomber. Multiply the 
length of each of this even erd&naJtee hy 4, amd thai of each 
of the odd ordinates by 2, except the first and last, or howndr 
tng ordimateef whkh multiply by unity. The sum of tliese pnh 
duete, mulHpUed by one4hird qfthe common interval between 
the ordinateef will give the area required 

The proof we have given depends upon the integral calculas, 
although the notation of that branoh of mathematics is not 
employed. This wiU be seen by the asBiimption made r^gardr 
ing the limit of the sum of the seiies f + + ^» eta, which 
we have, for very good reasons, ta£en as unity, without 
rigidly demonstnting sucb to be the casa 

The nature of the problem is such as to necessitate the 
employment of the calculus in an exact demonstration* This 
we now proceed to give. (See £g. 2, Plate II.) 

U. Simpaon'a Vast Bule— Second Pxoot— To find the 
area of the plane figure BCEGH^ bounded by the base BH^ 
^ parabolic curve CEG^ and the end ordinates BOexA GH. 
Thasn the tiiree dividing ordinates 02>y AE^ and KF^ so that 
there are five equidistant ordinatoa^ whicli we will t^rm 
a, /3y 7, d| and e. 

Consider the enrve OEG as a portion of the parabola, 
whose equation is 

Let 0 be the origin of co-ordinates, and let 

BO = OA=AK = KH=A. 
Then the area CBA=: ydx, or 

^ {a-hbx+cx^)dx=2iah+ 

^lh{3a+ch'') (1) 

2^ow when x=o yzza^d {as seen by the £gure) 
x=h y=a-^bh + di^ = 'y 

»% ii+y=2(a+c/i») 
and 
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Henoei adding 

»+4fi+y-2(3a+ch^), (2) 

and the area OBAE by (1) and (2) 

Similarly, the araa EAHG=|(y+4)+t), 

the whole area CBEG=-^(«+4^+2y+4)+0> 
which prorea the Bak. 

A very ingeniotis demonstration, due to Mr. F. K. Barnes, 
will be found at page 9 of Shipbuilding, Theoretical and 
Practical, which is too lengthy for insertion here. 

12. Fractional Intervals.— As already mentioned (Art 8), 
when a portion of the bounding curve has very great or sudden 
convexity or concavity, it is desirable, with a view to greater 
accuracy, to draw ordinates at one-half, or even one-fourth 
the common interval apart. In such a case, in order to 
express the total area in terms of the common interval, and 
the lengths of the ordinates, the multipliers must be altered 
in the following manner. In fig. 3, Plate II., the curve 
JRST is very concave between S and T, with regard to the 
base FQ. Let a, b, c, e, be an odd number of equidistant 
ordinates, h being the common interval. Draw the ordinate 
J" midway between c and c/, the ordinate g midway between 
d and e, the ordinate k midway between d and g, and the 
ordinate I midway between g and e, so that we have nine 
ordinates. Then the area of the space enclosed between 

a and e=-^(a-f4&-he) 
e and d^^ic-h^f+d^ 
d9adg:^^{d+4k+g) 

g and c=~(flf+4^+e)* 
Summing these results, we have 

TekaliflceaPB8TQ^(a+46+c+|+y4.4+ ^ +* 4 +4+^+ ^ 
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If a quadrant of a drde (see fig. 4, Plate IL) of a oertaiii 
xadius, say 12 feet, be divided by 9 ordinates in this manner, 
and the lengdis of these ordinates be carefully measured and 
substituted in this formula, the area so obtained will bell2*93 
square feet; whereas the area obtained by talking ir» 
31416 will be 1131. Thus an error of 113*1 - 112-93 » -17 
or '16 per cent, is made by applying Simps(m*8 Firat Bule 
in such an extreme case, using the number of intermediate 
ordinates shown in the figure. 

18. Simpson's Seeond Bole for Plane Ana&*— This rule 
is founded upon the assumption that the bounding curve is 
a parabola of the third order, ie., <me whose equation may 
be expressed thus, 

ysa-f +d»*. 

Let ABCD (fig. 1, Plate III.), be a plane area, bounded 
by a base-4i>, two end ordinates -4^ and CDy and a parabolic 
curve of tbe third order, BHC. Divide A D into three equal 
parts, each equal to at the points E and Fy and draw 
through these points the ordinates EG and FH. Let the 
lengths of the four ordinates be represented by a, 6, c, and d* 

Then area ABCD=|A(a +36 + 3c + d). 
This may be proved by a somewhat similar demonstration 
to that given of the Eirst Bule at Art 11. It is not neces- 
sary to state the proof here, tiie more so as the rule does not 
generally give quite so close an approximation to the true 
area as the First Bule. 

It will be readily seen that, by dividing tiie base up into 
six equal lengths, fmd drawing onunates through the divisions, 
we have two elementary figiues as above; and if a, e, (2^ 
and ^ be the ordinates, and h the common mtervalt 

Thenarea=|A (a+3&+3c+<2) + |/t (c2+3e+Sl^+i7) 

from which the Second Bule may be thus stated : — 

Divide the base into equal lengths so that their number 
may be a multiple of 3, and draw ordinates through the divid- 
ing points and the extremities of the base, so that their total 
number, when divided by 3, gives a remainder of 1. Call 
the 4th, 7th, 10th, etc., ordinates, dividing ordinates; and 
the others, except the endmost, iiUerniediate ordinates. 
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* 

Add together th$ endmoH ordinates, turiee the dimimg 
ordinates, and three times the nUermediate ardiruUes; muUiply 
the sum by three-eighths of the common irUervcU: the product 
will be the required area, nearly, 

14. Area of Subdivision of a Parabolic Figure. — It is 

sometimes required to calculate separately the area of one of 
the two subdivisions (see fig. 2, Plate I.) into which an 
elementary parabolic figure ACKDB is divided by the middle 
ordinate EK, For example, supposing it is re<|ULred to 
calculate separately the area of the subdivision ACKE; let 
AC he called the Tiear end ordinate^ and BD the far end 
o^'dinate, then the rule will be as follows : — To eight times the 
middle ordinatey add five times the near end ordinate, and sub- 
tract the far end ordinate; multiply the remainder by one- 
twelfth of the common interval: tJie product will be tlie area 
required. 

The truth of this will be readily seen by considering that 
the area is made up of the trapezoid ACOE, and the half 
segment CKO, For the area of the half segment CKO is 
equal to 



This 18 flometiineB known afl ^be/we^ht ruie. 

15. Example of the Application of Simpson's First Rule. 

— The following example will illustrate the application of 
Simpson's First Rule for measuring a plane area bounded by 
a curve. 




and the area of the tmpezoid ACOE is equal to 

AB / AC+OE \ 
2 \ 2 / 
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Let the area of the BgareACB (fig. 2,PlateIIL)be required, 
of widxHk ^ base AB is 40 feet long. DiTide AB into a 
certain even nnmber of, say 8, equal Jbngtlis, each of which 
-wiXl thmfbre measnze 5 feet Erect ord^tea through iheae 
points I these will neoeaaanly be 9 in number, indnding the 
end orclinates; and ihorefiire fitted lor the application of 
Simpeon'B First Rule. Heasm the lengUis of these ordinates, 
which lengths we will suppose to be represented the 
dimensions marked against them in the diagranu 



Namben of 
OfdUnstM. 


Simpson's 


Lengths of 
OramitM. 


Fanciiona of 
Ordiiistai. 


1 


1 


-2 


•2 


2 


4 


3-5 


141) 


3 


o 


5-2 


10-4 


4 


4 


6-6 


26-4 


5 


o 


6-8 


136 


6 


4 


6-7 


26*8 


7 


2 


5-8 


11-6 


8 


4 


4-7 


18'8 


9 


1 


16 


1-6 



123 4 

5=CSom]non Interval 

Divisor by Biile= 3)617-0 

20&'a6=Area» nearly. 

In proceeding to apply the Bole as in tiie above table^ foor 
eohmna are mled, and as many rows as there are ordinates. 
Th» first cdnmn shows the distinguishing numbers of the 
ordinates; the second cdnmn oontaina Simpson's Moltipiiers, 
arranged in their proper order, and opposite to their respec- 
tive ordhiates; the thiijd cdumn oontuns the lengths of the 
respectiye ordinates, nombered in the first column; and the 
fourth column contains what is termed *^ the JkmetMna of the 
wdvnaie$!* i*e.f the pxodacts of the ordinates and their respec- 
tive multipHera. 

The sum of the figures in the fourth column is 123*4, and 
this has to be multqilied by one-third the common interval, 
which, in this case, is 5 feet Hence, 123*4 is multiplied by 
5 ft and divided by 3; thus giviug 205*6 sq. It| whidi is the 
area required| nearly. 
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Some calculators, in order to reduce tlie figures in the fourth 
column, use as multipliers the figures J, 2, 1, 2, ... 2, J, 
instead of 1, 4, 2, 4, . . 4, 1, and consequently the sum 
so obtained has to be multiplied by 2 after being multiplied 
hy one-third of the common interval 

16. Example of the Application of Simpson's Second 

Bnle. — In this case the number of divisions of the base must 
be a multiple of 3, and there iriD, of course, be one more 

ordinate than division. 

Divide the base AB (fig. 3, Plate lU.) into, say 6, equal 
lengths, each being 5 ft, also draw the ordinates and 
measure them as before. 



Ordinatet. 


Simpion't 
Holtiplien. 


Lengths of 
OrdiiutaB. 


Tnoottoniof 
Ordiofttea. 


1 


1 


2*1 


21 


2 


3 


3-6 


10-8 


3 


3 


6-3 


15-9 


4 


2 


5-6 


11-2 


6 


3 


6*4 


16*2 


6 


3 


5-0 


15-0 


7 


1 


2-5 


2*5 



73-7 

d= Common Interval 

868-5 

3 

8) 1105-5 
138 19= Area, nearly. 

The anangement of the odnimiB is the same as in the pre- 
ceding example; the number of ordinates and ^e multipHers 
bdng different according to the Bule. The sum of the figures 
in ^Sd fourth cohmm is 73*7^ which is multiplied by three- 
eighths of the common interval, or f x 5 ft, and gives 138*19 
ft which is the area, nearly. 

17. Example of the Application of the Trapezoidal 
Rule. — We will use the same diagram aa4 dimensions as in 
Art 16, 
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Niitnbors of 
Ordinates. 


Multipliers. 


Ordi nates. 


A 111 1 V/ wXV/AIO l/A 

Ordiuatos. 


i 


1 


z 1 


1 UO 


2 


I 


3-6 


3-60 


3 


1 


6-3 


6-30 


4 


1 


5-6 


5-60 


5 


1 


6-4 


5-40 


6 


1 


6 0 


6-00 


7 




2-5 


1'25 



27-2 

5= Common Interval 
136*0 = Area, approximately. 

The area found by this 'rule is thus 136 sq. ft., whereas by 
Simpson's Second Rule it was found to be 138*19 sq. ft If 
the area be determined by the First Rule, the result will be 
138 sq. ft. Simpson's Rules thus j)ractically agree, and as the 
First Rule can be depended upon to, at least, the same degree 
of accuracy as the Second, we may take 138 as the area. 
Thus it will be seen that in this case the use of the Trape- 
zoidal Rule involves an error of 138 - 136 = 2 sq. ft., or about 
1 '5 per cent. With a curve of greater convexity or concavity 
the error would, of course, be still more. 

18. Example of the Application of the Rule for Sub- 
division of a Parabolic Figure. — (See Art. 14.) In fig. 2, 
Plate L, let AC = 5 3, EK = 7-2, BD = 31, and AE = 8. 

Then area ACRE = ^8 EK + 5 AC - B d) 

r:~2 (57-6 + 26-5-3-l) = ? x87 = 68 sq. ft. 
By treating the figure as a trapezoid — 

Area=| (7-2 + 5-3^ = 50sq.ft. 

The Trapezoidal Rule thus being relatively in error, 
58 - 50 = 8 sq. ft., or 14 per cent, in this particular case. 

19. Centres of Gravity of Plane Areas. — ^Tho centre of 
gravity of a plane area, termed its geometrical centre of gravity , 
is that point at which, if the surftice is uniformly weighted, it 
can be poised in equilibiium. To illustrate our moaning, we 
may consider the plane as the surface of a sheet of metal 
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Laving a nnifona thickness, then the centre of gravity of a 
plate of any form is that point where the plate, if supported 
thereati will balance or remain poised in a state of equili- 
brium. In all our considerations regarding the centre of 
gravity of a plane area the surface is supposed to be heavy, 
and the weight of every imit of the area to be the same. 

20. Oentves of Regular Figures—It will at once be seen 
that the geometrical centre of gravity^ of a circular plane area 
is its centre. Also, that the geometrical centre of gravity 
of a square or rectangular area is the point where the two 
diagonals intersect; for as each diagonal cuts the figure into 
two similar and equal parts, the centre of gravity must be in 
each diagonal; and, therefore, at the point common to the 
two, or where they intersect. The same is true of a rhombus 
or rhomboid. Tho centre of gravity of a regular polygon is 
the centre of the circumscribed circle; for since every diameter 
of the circle passing through the angular points of the 
polygon cuts the latter into two similar and equal parts, 
ther^ore the centre of gravity of the figure must lie in each 
diameter, and consequently at the point common to them all, 
or the centre of the circumscribed circle. The circumscribed 
and inscribed circles being concentric, the centre of gravity 
of the latter circle is also that of the regular polygon. 

The Centre of Gravity of a Triangle is found in the 
following manner: — BUeet two sides amd join the points of 
bisection with the oppasUe angles, then the point of intersection 
qf lAs two lines so drawn is the centre of gramty (f the triangle. 

Let ABC (fig. 1, Plate IV.) be the surface <tf a triangular 
plate of uniform weight; bisect BO in £, and joiii AJS; draw 
ce6 parallel to OBB, catting A£ at any point e. Then, by 
Bimilar tnangieB^ 

e0 : CE Ae : AB 

and be : BE : : Ae : AE 
.-. ce : CE :: 6e : BE 
but C£=B£; ee=be. 

Hence AX bisects eveiy line in the triangle drawn parallel 
to BC. Therefore each of the strips similar to eeb, into whidi 
we may suppose the triangle to be divided, will balance on 

* Hereafter the geometrical centre of gravity will be understood 
to be mfiiiit when raerring to forms without weight. 

4b o 
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AE, and eonaeqiiently the centre of gravity must be in the 
line AE. 

Bisect ACinF, and jpin BF; let this cut AE in G. Then, 
as before^ the centre of gravity must be in BF; but it has 
been shown to be in AE, therefore the intersection GiAE 
and BF, is the centre of gravity. 

This point G is situated at one-third the length of AE from 
the point E. To prove this, join EF, Then, because CE =s 
BE and GF= AF, therefore EF is parallel to AB and AB = 
2FE; also by similar triangles — 

AB : EF :: AG : EG; 
EG=^AG, orEGsftAEL 

Hence, to £nd the centre of gravity of a triangle, HmU any 
Me, join the point of bisection with the opposite angle, and 
the centre of gramty lies a third of the way up this line. 

It will be useful to observe that the centre of gravity of 
a triangle coincides with the centre of gravity of three equal 
weights placed at the angnlar points of the triangle. For, to 
find the centre of gravity of three equal weights placed at 
the points A, B, G, respectively (see fig. 1, Plate IV.), we 
join CB and bisect it in E; then E is the centre of gravity of 
the weights at G and B, Suppose these weights collected at 
E, then join AE, and divide in Gj so that EG may be 
to ^ ^ as the weight at ^ is to that of the two at E, that is 
as 1 ; 2; then G is the centre of gravity of the three equal 
weights. From the construction, G is also the centre of 
gravity of the trianglo ABCy as already shown. 

dL Oentre of Gravity of a Trapezium. — From this we 
may proceed to determine the centre of gravity of a trapezium 
by dntwing a diagonal, and thus dividing it into two triangles. 
13ie centre of gravity of these are found, and the points joined 
by a straight Hne. Next, the other diagonal is drawn, and 
the centres of gravity of the two resulting triangles are joined 
by a straight line. As the centre of gravity of the trapezium 
is in each of these stcaight lines, it is evvtently the point of 
their intersection. 

The ordinary mode of constructing the figure is, however, 
as follows: — ^Let ABCD (fig. 2, Plate lY.) be a trapezium; 
draw the diagonals AOf BD intersecting at B. Let AE be 
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greater than EC\ and BE gi-eater than ED. Take AF=^ EC, 
and BG = ED. Set off ES = ^ EF, and ET=^ EG; draw 
SO parallel to BD, and TO parallel to AC ; their intersection 
0 is the centre of gravity of the trapezium. It is evident if 
we join GF, then 0 is also the centre of gravity of the tri- 
angle EGF, 

The following is the proof of the accuracy of this construc- 
tion. It will be observed that it is required to demonstrate 
that the lines LM and NP joining the centres of gravity of 
the two sets of triangles, into which the diagonals successively 
divide the trapezium, are parallel to AC and BD respectively; 
also that SO = ^ EG, and ^0 = ^ EF. 

Since UL=^^ AH, and HM^^ EC, therefore LM is 
parallel to AC. Similaiiy, NF is parallel to BD, This gives 
the first requirement. 

Again, since BG = ED, and BII = IID, .-. GH^IIE, 
Similarly, FK=KE, Also, because LM is parallel to AC^ 
and 11M=\ EC, ET=^ EE, and TE = % E£ = ^ GE. 
Similarly, SE = J EF, whence the construction. 

The centre of gravity of the trapezium being coincident 
with that of the triangle EFG, a very simple mode of deter- 
mining the point by constmction is to l)isect EF' and EG at 
, K then H respectively; then joining FE smd GK, their point 
of intei-section is 0, the centrie of gravity of the triangle, and 
therefore of the trapezium. 

22. The Centre of Gravity of a Trapezoid is easily found 
in the following manner: Let ABCD (fig. 3, Plate IV.) be a 
trapezoid, AD and BC being the parallel sides. Bisect AD 
in E, and BC in and join EF. Then divide EF at the 
point Gf so that 

BC : AD : : EG : GF. 
G is the centre of gi'avity of the trapezoid. The truth of 
tliis is too obvious to need a proof here. 

28. The Centre of Gravity of an Ellipsoid is evidently at 
its centre, or at the intersection of the major and minor axes. 

24. Principle of Moments. — In obtaining the centres of 
gravities of the plane areas already examined, we have de- 
])ended merely upon the symmetry of the figures, whereby we 
were enabled to draw two lines, each of which contained 
the centre of gravity, the latter being therefore situated at 
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tlie intersection of these lines. We shall presently show 
how to determine the centre of gravity when there are no 
Bymmetrical conditions to assist us. Consequently, we must 
have recourse to the elements of statical equilibrium as enun- 
ciated in the ^>mic?/?^<^5 of moments. The forces we have to 
consider being those due to gravity, tliey are therefore parallel, 
and act in the same direction; a condition which materially 
simplifies our investigations. 

The niomeitt of a weight about any point is the product of 
the weight into the perpendicular distance of its line of 
action from that point (see fig. 4, Plate IV.). Let the 
weight Tract at the point A, perpendicular to the straight 
line ABj then the moment of the weight about the point 
i^is WxAB. 

If there is more than one weight acting at different points 
on tlie straight line, perpendicular to it, then the sum of the 

1) roducts of the weights into the distances of their points of 
application from B is the total moment . acting about that 
point. For instance, TT^, TFg, and (fig. 5, Plate IV. ) acting 
at the points A,Cy D, respectively, have a total moment about 
n- WyAB+ W,,.CB+ W^.DB. It will be readily seen that 
tlie three weights IF-^, TT^, and TFg may be applied at some 

2) oint in the line, so that their moment may be equal to the 
sum of the three moments as they are at present situated. 
Let X be the distance of that point from B ; then 

»(Wi +W, +W, ) = W,.AB + W,.CB + W,.DB 
^_ W,.AB + Wa.CB-fWs.DB 

from which x may ))e readily found by substituting the values 
of n\,W.^,W^, and AB, CD, and DB. If F be the position of 
tbo point so found, then P is the centre of gravity of the 
weights; being the point where all the weights collected have 
tliu same statical effect as when they were situated as shown 
in the figure. 

In the figure, AB, CB, and BB are the leverages of the 
several weights ; B Ls the point about which, it is said, 7no?nmt8 
are taken, and x(']\\ + + W^) is the resultant mom&)iL 
Moments may 1x3 taken about any other point as weH as B, 
For instance; suppose we happen to fix upon F as the point 
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about which moments are taken, then in that case a; = zero; 
also 

Wi.AP=W2.CP+W3.DP. 

"When the point, about which moments are taken, is .situated 
between any of the points of application of the weights, 
then the distances measured on one side of that point are 
considered positive, and on the other side negative. If the 
sum of the moments on one side of the point is equal to that 
of those on the other, then the weights are in equiliVjriuni 
about that point, and it is therefore their common centre of 
gravity, as in the above case, when the moments are taken 
about P. But if the sum of one set of moments is in excess 
of the other, then the centre of gravity is on that side ujion 
which the greater moments are. For instance, in fig. 6, 
Plate IV., in which the weights IFp W^, W^, act at the 
points A,B,G, and i>, respectively, on the sttraigni line AD; 
theiii taking moments about any point 

(Wi.AP+ W,.BP) - (W,.CP+ W4.DP) 

is the resultant momenta Let & be the centre of gmvity of 
the weights; then 

PG(Wi + W, + + WJ r. (Wi . AP + W^.BP) - (W3. CP + W^.DP) 

pq- (Wa.AP + W„.BP)- (W 3.CP + W^.DP ) 

If W^.AP+W<pBPv& greater than W.;^.CP + W^.DP, the • 
point G will be between P and A; but if less, then the 
point G will be between P and J), In the figure, we have 
aflsumed the latter case. 

The value of PG is usually expressed as the Algebrauxd 
sum of Hie momenta about P, divided by the sum of the 
weights; the Algebraical mm being the coUectiye value of the 
moments when affected by their proper signs, plus or 

26. Centre of Gravity of Plane Fignre hounded by a 
Cnrva — ^Xo apply the preceding results in obtaining the 
centre of gravity of a plane figure, such as is commonly met 
with in Kavai Architecture, and to which we have been 
applying Sunpaon's Knlea for finding its area^ we proceed as 
follows: — 

ftet observe that the figures are in almost every case 
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Bymmetrical about a middle line, so tliat knowing the centre 
of gravity is somewhere in that line, we have to determine 

•where it is. 

Let ACBD in fig. 1, Plate V., be a plane figure, qrm- 
meirical about a middle line AB, then we know the centre 
of gravity of the area is in AB^ also that the centre of 
gravity of the half area ACB^ is in the ordinate passing 
through that point. In aocordanoe with onr previous defini- 
tion, the area is assumed to be uniformly weighted, such as 
a sheet of metal of uniform thickneaa. Divide the straight 
line AB into an even number of equal parts, and draw the 
ordinates oa^, h\, ccp etc., through the points of division. 
There is thus (including the end ones), an odd number of 
ordinates, the value of the end ordinates being in this case 
zero. Assume each of the ordinates to be a narrow strip, so 
that they each have a weight, the latter being therefore in 
proportion to the length of the ordinate. Now, if we merely 
wished to find the centre of gravity of these sbips, it would 
be the same as finding the centre of gravity of nine weights, 
acting at the points Ay a, 5, c, d, etc., the values of the 
weights being zero, oa^, hh^^ ccj, dd-^^ etc., respectively. It 
is evident that if the ordinates be very close together, the 
sum of their moments, about any point <ai AB^ would 
approximate very closely to the total moment of the area 
• ACB about the same point; and by increasing the divisions 
of the line AB, thereby increasing the number of ordinates 
and reducing the breadths of &e strips tfaej zepresent^ 
we may make the approximation as close as we please. It 
is here that Simpson's Rules come to our aid, as by assum- 
ing the curve .i(7jS to be paraboUc, theBulesgiveusthe sum 
of the areas of all the very narrow strips represented by the 
ordinates when the latter ate very dose together. Hence, 
if we multiply every ordinate by its distance from the point 
about which the moments are taken, and consider the results 
so obtained as the ordinates of a new curve, then the area 
enclosed by that curve, and the straight line AB, will repre- 
sent the moment of the area AOB about the point. 

It will be observed that as the ordinates are equidistant, 
the distance of every ordinate from any of the points A, a, b, 
etc., is a multiple of the common interval; hence, to simplify 
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the vork, the multiple 0111I7 is used in applying the Bule, the 
result being afterwards multiplied hy the common interval. 

Let the lengths of the ordinates in feet be those given in 
the figure, ^e common interval being 4 fb. Taking moments 
about Bf the following is the mode of obtaining the centre 
of gravity of the area: — 



Number of 
Ordioata 


Simpson's 
Multiplier. 


Length of 
Ordinate. 


Ftmction of 
Ordinate. 


MoItlpUer 

for Leverage. 


Function of 
Moment. 


1 


1 


0 


0 


0 


0 


2 


4 


2-5 


100 


1 


100 


3 


2 


4-3 


8-6 


0 


17-2 


4 


4 


51 


20-4 


3 


61-2 


5 


2 


5-5 


110 


4 


44 0 


6 


4 


5-4 


21-6 


5 


108-0 


7 


2 


4*8 


9-6 


6 


57-6- 


8 


4 


40 


160 


ft 
i 


112-0 


9 


1 


0 


0 


8 


0 



97-2. 
4 

f 3)388 -8 
fiq. ft. 12U U=Area 

129-6)218G-64 



4100 

^ 

3)1040j0 

546^0 
• 4 

2186-64 



16*87 ft 

Hence the centre of gravity of the area is 16*87 ft. &om 
or *87 from on tiie s^e of the latter nearest A. 

It will be seen that the multipliers for leverage, 0, 1, 2, 3, 
etc., represent the number of times the common interval of 4 
ft. that the ordinates B, gg-^, ff^^ ee^y etc., are respectively from 
B, the point about which moments are taken. If the actual 
levei'ages were inserted in the fifth column instead of 0, 1, 
2, 3, 4, etc., the figures would be 0, 8, 12, 16, etc., and the 
figures in the fifth column would be 0, 40, 68-8, 244-8, 176, 
eta; instead of using these large numbers we afterwards 
multiply by 4, and so obtain the total moment 2186-64. It 
may be further remarked that 546*66 repressents the area of 
a plane surface, whose ordinates a.10 multiples of the moments 
of the ordinates 0, 2-5, 4-3, etc., about the point B, that is, 
whose ordinates are 0, 2*5, 8-6, 15*3, etc. 
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It is usual to avoid multiplying the sums of columns NoS. 
4 and 6 by J the common interval, as it is a needless process, 
one product having afterwards to be divided bv the other. 
In the above case the work would be : — 

410-0 
4 

07'2)1640-0 

16^7 ft. 

Again, in practice, it is customary to still further reduce 
the figures employed in the calculation by taking moments 
about an ordinate near the middle of the length of AB. As, 
for instance, taking moments about dd^y or No. 5 ordinate. 



Number of 
Ordinate. 


Simpson's 
Multiplier. 


Length of 
Onlinate, 


Function of 
Ordinate. 


Multiplier 
for Leverage. 


Fonotion of 
Moments. 


1 


1 


0 


0 


4 


0 


2 


4 


2 5 


100 


3 


30 0 


3 


2 


4-3 


8-6 


2 


17-2 


4 


4 


51 


20-4 


1 


20-4 


5 


2 


5-5 


11-0 


0 


67-6 


6 


4 


5-4 


21-6 


1 


21-6 


7 


2 


4-8 


9-6 


2 


19-2 


8 


4 


40 


160 


3 


48-0 


9 


1 


0 


0 


4 


0 



97-2 88-8 

67^6 

21-2 

4 

97 -2)84 -8 
•87 ft. 

Here we have two sets of moments, one positive and the 
other negative; their difference, or Algebraical sum, is 21*2, 
which, multiplied by 4 and divided by 97*2, gives '87 ft., the 
distance of the centre of gravity of the area from ordinate 
No. 5 or c/(7j, and on the side of it nearest fx) A; which is the 
same result as was obtained before. In this case, the largest 
multiplier for leverage being 4, the figures in the sixth 
column are not so large as when the multipliers continually 
increased to 8. The saving of labour is more apparent iii 
siich large areas as are met with in actual practice. 
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In the preceding examples, Simpson's Fii'st Kule has been 
applied; the same method is adopted with the Second Bule, 
the number of the ordinates being, of course, different. 

In the case of inteimediate ordinates being used, the 
multipliers are, of course, fractional ; as for instanoSi 0, ^, 1, 
1^, 2, 3, 4, etc., where two sets of half intervals occur next 
to the ordinate about which moments are taken. Eaumples 
of this kind will be given hereafter. 

26. Volumes of Solids.— The rules for finding the volumes 
of regular solids are to be found in any work on Mensoration, 
BO that we shall simply state a few of those most usually 
required, before proceeding to examine tiie method of finding 
the volume of such a soM figure as that of the immersed 
body of a ship. 

87. Tdlnme of a Sphera— Multiply the cube of the dia- 
meter by -5236 = ^; or the cube of the radius by 41888 

S& Tolume of lllipsoid. — ^Multiply the product of the three 
axes by *5236y or the product of the three semi<axes by 4*1888. 

89. Volume of Pjraniid or Oona— Multiply the area of 
the base by one-third of the hdg^iH-the height being 
measured perpendicular to the base» 

SO. Volume of a Solid Figure bounded 1^ a Plane and a 

Curved Surfkce. — Such a figure is to be found in the case of 
the immersed body of a ship, the bounding plane being that 
of the water surface. 

The body has first to be divided into a number of segments 
by equidistant parsllel planes, which are perpendicular to 
the bounding plane. The area of each plane section ia found 
by either of Simpson's Bules, and the results are treated as Hie 
ordinates of a new curve, the common interval being t/ie per- 
pendicular distance between the planes; the area of this curve 
is the volume of the figvste* It is evident that the ordinates 
of the new curve being in square measure, the area of the 
curve will therefore be in cubic measure. 

In calculating the volume of the immersed body of a ship 
by this method, the figure being symmetrical about the longi- 
tudinal vertical middle line plane of the ship, only one-half 
of the body is calculated. It is unimportant whether the 
dividing planes are drawn parallel to the water plane or per- 



Digitized by Google 



42 



THEORETICAL NAVAL ABCHITECTDJEIEL 



pendicular to both the water and middle line planes. In Lho 
former case, the bounding curves of the areas are " water 
lines," and in the latter "square stations'* (see Shiphuilding 
and Laying Off^ p. 17).* It is usual to calculate the volume 
by using both sets of dividing planes, in order that one result 
may check the other, and so prevent inaccuracy. The vertical 
dividing planes in a large ship are generally spaced from 
about five to seven times the distance apart that is coxuddiered 
requisite for the horizontal dividing planes. 

31. Example of Calculation of Volnme of a Ship's Dis- 
placement. — As a first example of the method of calculating 
the volume of a ship's displacement, we will assume that the 
areas of the sections at the dividing planes are already found; 
those of the endmost sections are evidently zero. 

In (fif;. 2, Plate V.) showing the immersed body of a small 
vessel, A DEC is tlie water plane, and AB its middle line, 
This latter is divided into 8 equal lengths, each equal to 4 ft., 
and sections of the body are made by planes passing through 
these divisions, perpendicular to AB and the plane ADBG, 
The half areas of these planes in square feet are marked upon 
the figure; those at the extremities A and B being zero. 



Namber of 
Seotion. 


Half Area 
of Seotion. 


Simpson's 
Multipliers. 


Function of 
Half Area. 


1 


0 


1 


0 


2 


15 


4 


60 


3 


25 


2 


50 


4 


30 


4 


120 


5 


32 
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64 


6 


28 
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112 


7 


23 


2 


46 


8 


13 


4 


• 52 


9 


0 


1 


0 



504 
4 

8)2016 



672=Hal£ Vdiime 

2 

1344= Total Volumo 
in cubic feet. 

* Win. Collins, Sons & Co/s Advanced ^cknce Series; also JElemen* 
tary Lajiny Of, p. 18. 
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When the vessel floats to this water plane, she therefore 
displaiieB 1344 cubio feet of water (see Art 4), and as 35 of 

these weigh 1 ton^ hence = 38*4 tons is the weight of 

the vessel and its ccmtentB at that time. The same result 
would be obtained hj catting the body into segments hj 
equidistant planes^ parallel to ^e water plane, and using their 
areas and common interval in the rule instead of those of 
the vertical 8ectu>n& 

It will be observed that Simpson's First Bule is that which 
we em^^Iojed in the example just given^ as it is the one com- 
monly used in praotioe; the other may, however, be adopted, 
by dividing the figure into the requisite number of divisions. 

The volume of displacem^t is generally obtained direct in 
one calculation; tibe data given being the lengths of equi- 
distant ordinatea of the several sectional areas, their common 
interval, and the common interval between the sectional areas. 

8S. Centres of Oravity of Solid&— In speaking of the 
centre of gravity of a solid, we suppose the latter to be a 
homogeneous body, of uniform density; then its centre of 
gravity is that point at which, if the body were suspended, it 
would balance or be in equilibrium. In other words, it is that 
point where, if all the matter composing the body be concen- 
trated, it haa the same statical effect as when the body is in 
its ordinaiy condition. In the next division of this work, 
we shall refer also to the centre of gravity of a body com- 
posed of a number of other bodies, eadi of a certain weight 
(as, for instance, the hull of a ship), in which case the centre 
of gravity is that point where, if all the bodies could be 
collected, they would have the same statical effect as when 
distributod in thdr respective positions. 

88. Centres of Chravity of Special Solids.— The centre of 
gravity of a sphere is evidently at its centre; for, as all planes 
passing through that point cut the sphere into two equal 
parts, the centre of gravity of the sphere must be in each of 
sudi planes, and theraore at their common intersection, viz., 
the centre <if the sphere. 

The centres of gravity of all regular solids, bounded by 
planes, such as the teircAedron, hexahedron^ octahedron, etc., 
are evidently at the centres of their circumscribing spheres. 
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The centres of gravity of all cylinders are at half th^ 
hfiightSy measnred from the oentre of gravity of tbe base of 
the cylinder. 

The centre of gravity of a pyramid or cone is at one-fourth 
its height, measured from the centre of gravity of its base. 
That of a hemisphere is at a distance from the centre of its 
base equal to three-eighths the radius of the sphere. 

84. Centre of C^ravity of a Symmetrical SoUd, bounded 
!^ a Curved Sorfaoe and a Plane.— We will now show how 

to obtain the position of the oentre of gravity of such a 
homogeneous body as that represented by the volume of a 
ship's displacement. The figure is first divided by two seta 
of equidistant parallel planes, each set perpendicular to the 
other, such as we have just employed in determining its 
volume. In that case it was stated that the two sets of 
planes might be used, in order that the result obtained by 
using one set could act as a check upon the result obtained 
by using the other; but, in the present calculation, it is 
necessary to use the two sets, in order that the position of 
the centre of gravity may be fixed, by having its distances 
from two planes at right angles to each other; knowing, at 
the same time, it is in the longitudinal vertical middle line 
plane of the body or ship. 

Beferring to fig. 2, Plate Y., connder the body (or im* 
mersed portion of the ship) to be divided hy a series of equi- 
distant parallel planes as there shown, whose areas are as 
marked in the several sections. Then, by the same reason- 
ing as was employed at Art. 25, it will be seen that the 
centre of gravity of the whole volume coincides with that of 
all the in&iitely thin dices into which it can be cut by an 
infinite number of such planes as are (Bliown. So that by 
taking the planes sufficiently numerous, and therefore dose 
together, we may, by obtaining the position of the centre of 
gravity of these planes, approach as closely to the true centre 
of gravity of the whole volume as we please. Simpson's 
Hules again come to our aid, as by their use we, in fact, inter* 
polate l£e values of the moments of those thin slices which 
can be cut between the sections drawn in the figure, in tiie 
same way as when calculating the volume we, in reality by 
the rule^ interpolated the volumes of these thin sUoea 
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Hence, to obtain the longitudinal position of the centre of 
gravity (i.e., the position on the line A^B at which a section 
•would pass through the centre of gravity), we multiply the 
areas of the sections by their perpendicular distances from 
the parallel plane, about which moments are taken (teiined 
the axis)j and then, having affected these by Simpson's multi- 
pliers, we obtain the total moment of the volume about that 
axis. If the moment so found be div ided by the volume, 
the result gives the perpendicular distance of the centre of 
gravity of the volume from the i)laue about which moments 
were taken. As in the case of tinding the centre of gravity 
of a plane area, it is not necessary to multii)ly the areas by 
their j>erpendicular distances from the axis, but by the com- 
mon multiple of that distance, which is the numerical num- 
ber of the })lano area, reckoning from the axis. The result 
is afterwards multiplied by the common interval between 
the planes, and this gives the actual distance of the centre 
of gravity. 

§5. Example of Method of Calculating Position of 
Centre of G-ravity in one Direction. — Using the areas 
given on £g. 2, Plate Y., and taking moments about No. 5 
section. 



Numbers of! Areas of 


Simpson's 


Funotioni 




Functions of 


Scctioiia. 


Sectiona. 


Multipliers. 
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Moments. 
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4 Common Intdrral 
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'3 feet 
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The figures in the above table will be readily understood 
by the student, if attention has been given to the preceding 
pages. The result shows that the centre of gravity of the 
volume is in a plane parallel to the planes of section in the 
figure, and at a distance of "3 feet from section 5, on the side 
of it nearest A, or, in other words, the plane will cut the line 
AB at a point distant 15*7 feet from A. 

36. To Fully Determine the Position of the Centre of 
Gravity, we must discover at what perpendicular distance 
from the line AB the point is in that plane. To do this we 
divide the figure by a series of equidistant planes parallel to 
the water plane, the number of di^dding planes being in 
accordance with the rule. Then, finding the areas of these 
planes, and taking moments about the water plane ADB, we 
find at what distance from the line AB the horizontal plane 
is that contains the centre of gravity, the calculation being 
performed in a similar manner to that first shown.* By 
this means the position of the centre of gi-avity is fixed, as 
we know that it is in the longitudinal vertical middle line 
plane of the ship. 

The two processes we have just described are performed 
simultaneously in actual practice, one tabular form serving 
for tlio calculation of the areas of all the vertical and longi- 
tudinal sectional areas, the volume of the figure and the two 
distances (longitudinal and vertical) necessary to fix the 
position of the centre of gi'a^dty. Other properties, which 
will be referred to hereafter, are also calculated on the same 
sheet of paper, commonly termed the " Displacement Sheet," 
a specimen of which is given at Table Na 1 in the accom- 
panying volume. 

It is well, perhaps, to observe that in the case of the 
volume of the immersed portion of a ship (which, as we 
have previously stated, is termed tiie dUplacemejit), its 
centre of gravity is termed the oentro of gravity of dis- 
placement/' or '^centre of buoyancy/' the leasoa for the 
latter name will be given in the next chapter. 

37. Curves of Areas of Midship Seotion.— It is often 

* The Algebraical expresrion for tiie moment in this caae is 
y f z^dxdy^ while x'^dydz repreaeatB that in Art. 34. 
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necessary to know the area of the immersed midship section 
at any mean draught of water. It is at once seen that it 
would be quit-e impracticable to do this by expressing in 
figures the several areas to water lines very close together, 
as the results would be very numerous; and, besides, if the 
area to any line, between two consecutive water lines at 
which areas are known, were required, it would have to be 
interpolated by the draughtsmen, and might be incorrect. 
It is therefore usual to draw upon the back of the " displace- 
ment sheet " what is termed " a curve of areas of midship 
sectioriy" and this is done in the following manner. 

The areas of the midship section to the several horizontal 
ordinates or water lines are calculated by one or other of 
Simpson's Rules, or the rule given at Art. 14; the particular 
rule employed being such as is required by the number of 
ordinates in each case. A base line is then drawn to scale 
to represent the total draught of water that may reasonably 
occur. The scale may be any, suited to the dimensions of 
the "displacement sheet;** that of the sheer draught being 
usually adopted. Points are taken in this line to represent 
the positions of the water lines, and ordinates are drawn from 
the points. Distances are then measured to scale upon these 
ordinates equal to the areas of the midship section up to the 
respective water lines ; the scale being so many square feet, say 
50 or 100 to a quarter or half inch. The curve drawn through 
these points is termed the curve of areas of midship section" 
It is at once seen by reference to the specimen curve shown 
by fig. 1, Plate YI., that the area of midship section to any 
draught of water caa be readily determined by the simple use 
of a scale. 

In consequence of these areas being calculated from tlie 
midship section of a ship at a certain "iri/?i," i.e.y dmught of 
water at bow and stern, it is not strictly accurate when wo 
use the mean draught at any other trim; and in cases where 
the ship is considerably deeper at the bow or stern than 
when the calculation was made, a correction has to be made 
in accordance with the circumstances of the case. 

38. Curve of Sectional Areas. — The late Mr. Peake in- 
troduced the use of curves for calculating the displacement 
from the areas of the vertical sectionsy or square stations, by 
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dmwing to scale a base representing the length of the ship, 
drawing ordinates therefrom at the points corresponding to 
tlio positions of the square stations, and measuring to scale 
\i|J0n these ordinates the areas of the respective sections. The 
curve drawn through these points was termed the " curve of 
sectional areas,^' and the area of it rej)resented to scale the 
volume of the displacement. (See fig. 2, Plate VI.) 

39. Tons per Inch of Immersion. — When a ship is float- 
ing at a certain draught of water, the load required to sink 
her to a deeper draught is, of course, the weight of tlio 
additional water displaced. If the increase of draught be 
small, especially in the neighbourhood of the load water 
line, the additional volume of displacement is equal to the 
area of the load water plane multiplied by the increase of 
draught. It is therefore customary to state upon the " dis- 
placement sheet " the number of tons rcnjuired to sink the 
ship to a parallel depth of one inch when floating at any 
draught of water parallel to a certain line. This is called the 
**t<m8 per inch of immei'sion and it is sometimes expressed 
graphically as a " curve of tons per inch of immersion.'* 

Let A be the area in square feet of a oertain water plane^ 

A . " 

then 22 ^ 35 " ^ ^® number of tons to nnk the ship 1 inch when 

floating at that water plane. 

Either the figures obtained from the values of A at oertain 
equidistant parallel draughts are stated in a table, or else a 
cun e is drawn in the foUowing manner (see fig. 1, Plate 
YII.) — Di*aw a base line representing to scale the total mean 
draught; draw ordinates through the points on this line repre- 
senting, the positions for which the values of A have been 
obtained (usualUy the water lines); and set o£f to scale the 
values of A on the respective ordinates, the curve drawn 
through the points so obtained is termed the curve of tons 
per inch of immersion." 

40. Curve of Displacement — The displacement paper showa 
the total displacement to the load water line; it is, however, 
customary to supplement this information with calculations, 
made upon the same sheet, of the displacement of the ship 
when floating to each of the water lines which are employed 
in calculating the total displacement By refening to the 
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speciiiien Dmplaoenumt Sheet, given in Table No. 1, these 
calculations irill be seen« In detexmining the several volumes 
of displaoement^ the various rules already given are required. 
For instance, the displacement as high as No. 2 water line 
(the next below the load water line) is usually obtained by 
deducting the volume included between these two water lines 
from the total volume of displacement, the former being cal- 
culated by means of the five-eight rule, stated at Art 14. 

The displacement as high as the next water line (No. 3) is 
found by treating the areas of the load and two succeeding 
water planes by Simpson's First, or one-third, rule, and the 
result deducted from the total volume gives the dis|dacement 
in cubic feet to Na 3 water line. For the volume as high as 
the next water line (No. 4), the three-eight rule is required, 
for the next the one-third, and so on. 

It is usual to give these several calculations on the Dis* 
placement Sheet, and then tabulate them as shown. 

As is evident, such calculations merely fbmish the dis- 
placement of the ship when floating at the several water lines 
used in the calculation. It is, however, very necessary that 
WB should know the displacement at every intermediate 
parallel draught of water, and for this purpose it is customary 
to construct from the preceding date a curve termed the 

Cwrve of DiapUusmeni.'* A base line is drawn representing 
to any convenient scale the whde draught of water, and 
ordinates representing the water lines are set up at their 
proper positions. Distances are measured upon the ordinates 
representing to scale the displacement in tons to the several 
water lines, and a curve is drawn through the points so 
obtained. 

It wiU be seen that besides its primary purpose this curve 
serves as a check upon the accuracy of the several calculations 
of displacement to the water lines, as in ordinary cases the 
curve should be fair or continuous. 

"When this curve is drawn, we are enabled to determine, 
by measurement, the displacement at any draught of water 
from the keel to the load line, and by following the curve 
of the batten we are also able to tell, very nearly, the dis- 
j)lacement, to some distance above the load line. (See fig. 2, 
Plate YII.) 

4b i> 
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This c :r-. •• of disj^lac^-rnent Iff^ing calculated and drawn to 

parallel d;aa;:L*.:y of water, it is n- 't strictly accurate for an 
mlteration of triiii; b^U, by ex]«^:-rience, it is found Faniciently 
tni-twoitij V f'^r all th** oiiiiiiLiiy variations wiucli occur in 
th<' iriiii of aii 'lii ' i hhip. e-T'^^ciallv near the load water 
line. Tlio ininiiJiuiii of rrii i vrL:- will nect s.-ii.iit a 

r/ f 'liate citlc'ii.ition l^-in-: iiuide i y ilk:. . - a new set of wat'*r 
hu*:n, varies with the foiTH of the vessel; it being clear that 
when the forfi and af ter bo<lies are made unlike in form, the 
necf^ssity becomes more imperative than when there is a 
«iiflilarity between these Ixxlies. In the ca.se, too, of an over- 
hanging frtem l>ecomuig immersed by the change of trim, the 
calculation from parallel draughts wouM ]ye misleading. These 
points must be left to the discretion of the calculator. 

It will be remarked that the ciii-\'c of displacement is the 
geometrical integration of the curve of sectional areas refeiTed 
to in Art. 38. Farther on, at Art. 42, will be found a method 
of obtaining these cui'\'es by a geometrical process, recom- 
mend od }>y Mr. Scott Russell. 

Plate \'JII. shows the general manner of arranging the 
curves already referred to on the back of the ordinary dis- 
placement sheet, so as to keep all the particulars of this kind 
tog(;lher. 

41. General Explanation of Displacement Sheet — Before 

proceeding further, we will explain the details of an ordinary 
" displacement sheet," a specimen of which is given on Table 
I. Jt is necessary, however, to state that this sheet usually 
includes other calculations, such as that of the transverse and 
longitudinal metacentres, etc., as will be seen by referring to 
the T ibh;; these will be considered in their proper places. 

TIk; H|»f'cimen calculation shown is that of a vessel whose 
displacement is GliO tons. The draught of water in this c^ise 
is 10 ft. foi-ward and 12 ft. aft, and the lowest water line is 
drawn at 8 ft. below the L.W.L., thus leaving a ])ortion of 
tile ])0(\y (ti'i iiied an "appendage") to be calctilated separately. 
This "appendage" is, therefore, 2 ft, deep forward, and 4 ft, 
dee]) aft. in order to calculate the volume of the main por- 
tion of the body, i.e., between the load and fifth water lines 
by Simpson's First Kule, the depth of 8 feet is divided into 
|bur c^iiul parts, thus giving iive water planes. Again, siucQ 
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the after pc!^]>endicular is situated at the after side of the 
i^idder post, and this being a single screw ship, the length of 
tlio immersed body, measured from the fore ordinate (or -5 
feet aV)n.ft the fore perpendicular) to the after ordinate (wliich 
is at the after side of the body post) is 141 ft. This length 
is divided into ten equal divisions by eleven dividing planes 
(including the endmost). Hence the number of ordmates of 
both the vertical and horizonal sections is odd, being £ve in 
the former and eleven in the latter case, the common intervals 
being 2 ft. and 14*1 ft. respectively. 

We will suppose the body, half-breadth, and sheer plans to 
be drawn with the lines contained in these sections; we have 
next to measure off the lengths of the ordinates and insert 
them in a tabular form, as shown by Table I. Referring to 
the example before us, it will be seen that the ordinates of the 
water lines are arranged successively in vertical colunms, these 
ordinates being usually and preferably measured in the half- 
breadth plan. When the ordinates of the water lines are 
thus set down, the ordinates of the vertical sections will be 
found arranged successively in horizontal rows. It need 
hardly be mentioned, in explanation to Uie student of " Lay- 
ing Off," that this is owing to the same ordinates appearing 
in both the body and half-breadth plans. For instance, 12 
feet is the breadth of the fourth W.L., at No. 5 vertical 
section; and in the same way, 12 feet is the breadth of No, 
5 vertical section at the fourth W.L. 

In the specimen calculations, the lengths of the ordinates 
are shown in ordinary type, while the dark figures in the 
tabular form are the products obtained in the calculation. 

At the head of the calculation are stated the principal 
dimensions of the ship, inoluding the draught of water, also 
the spacing of the water lines and ^e vertical sections; the 
intersection of the latter with the former being the ordinates 
which are measured. We have, also, a record ca the positions 
of the extreme ordinates with regard to tiie perpendiculars, 
and of the middle ordinate with regard to a square station 
on the drawings, i^, the joint or side of a frame. This record 
will enable a Kiture calculator to reproduce the lines used in 
this case, or accurately apply the results obtained therefrom 
in any other Idnd of odculation made upon the ship. 
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As already stated, tlie foremost ordinate iii this particular 
calculation is situated at '5 feet al>aft tlic fore perpendicular; 
this in done in order that, by nei^lecting the portion of the 
body OH tlio fore side of that ordinatf, a jiroper allowance may 
l>e made for liavinij a.ssunied ihv wliole of the fore foot of the 
shi}) to extend forward to the same ordinate in.stcad of being 
rounded away. TIkj last ordinate of No. 5 water line is 
considered nil for the same reason. This is a point which is 
decided by the experience of the calculator. In any special 
case, as that of a ram-sli;i])ed bow, an actual calculation should 
be made of the vohime before tlie ordinate, and also of that 
which Ls to be deducted, owing to the curvature given to the 
Jower part of stem. The same remark ai)plies to the other 
j)ortions either not included in the main piece of displacement 
when they belong to the body, or included when they should 
not be, such as shaft tubes, propeller brackets, screw aper- 
ture, etc. 

The lirst column on the left hand side of the specimen 
sheet contains the numerical names of the ordinates stated 
in succession; it being observed tliat in this case, in order to 
determine with reasonable accuracy the volumes at the highly 
curved ])arts of the bow and stern, a half ordinate is added 
at each extremity, viz., Nos. H and 10^. (See Ai't. 12.) 

The second column contains Simpson's MultiplieJ*s for the 
Pirst Rule, the number of ordinates being odd. It wiU be 
Been that the half ordinates cause a modification in the 
multipliers such as has already been explained. 

Passing over for the present the portion of the calculation 
referring to the " ajipendage," we find five columns, each 
headed with the number of the respective water line, followed 
by its proper Simpson's Multiplier. The ordinat<;s, as 
measured from the half-breadth plan, are then placed in tkeir 
proper order. 

It has been already stated at Art. 36 that, in practice, the 
volume of displacement is calculated simultaneously from the 
areas of both the water ])lanes and vertical sections, and that 
the results thus obtained serve to check each other. This 
will be seen in the specimen calculation. Considering the 
numbers now in the tabular form as consisting of coliimns 
only, each ordinate in a column is multipUed by the Simpson'^ 
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Multiplier for that column, and the product is writteli ini* 
mediately below the ordinates, as shown in dark figures. 
This being done for all the columns, the products in the rows 
thus produced are added together, and the sums written in 
the same row and in the column headed Inunctions of 
Areas" Similarly, considering the numbere in the tabular 
form as consisting of rows only, each ordinate in a row is 
multiplied by Simpson's iMultiplier for that row, and the 
product is written down on tlie right hand side of the ordinate, 
as shown in dark type. This being done for all the roios^ 
the products in the columns thus produced are added together 
and the sums written in the same column, and in the row 
at the left of which is written unctions of Areas." We 
thus have two sets of functions of areas, the former being 
those for obtaining the areas of the vertical sections, and the 
latter for obtaining the areas of the water planes. In the 
former case, tlie area of the water plane is obtained by multi- 
plying its function by §* x 2 ft.; and in the latter, the area 
of the vertical section is obtained by multiplying the function 
of the area by |* x 14*1 ft. The displacement, however, is 
found without any such intermediate calculation. The column 
and row of Multiples of Areas" are the products of the 
functions in the adjacent columns and rows when multiplied 
by their respective Simpson's Multipliers, as the sums of these 
two sets of multipliers are such that we have to multiply each 
of them by § X 2 ft. x ^ x 14'1 ft., in order to obtain the volume 
of displacement in cubic feet; it is therefore evident that if the 
preceding work is done correctly, they will agree. In the 
example given, this is found to be the case; therefore the 
sum of each set of Multiples of Areas being 3178, as 
shown, the volume of the main portion of the displacement 
is thus equal to 19915"4G cubic feet, which, when divided by 
35 (35 cubic feet of sea water weighing 1 ton), gives 5G9'013 
tons, which is the weight of a quantity of sea water equal in 
volume to the portion of the ship inclosed between the fore- 
most and aftermost vertical sections from the load to the iifth 
water lines. 

Before showing how the volume and weight of the remainder 

* The 2 hero is for both sides of the sliip^ the ordinates being 
merely those of half the inunersed body. 
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of the displacement is obtained, we "will proceed with the 
calculation for the positioii of the centime of gravity of the 
pQrtion of the displacement already found. This point is 
generally styled the ''centre of baoyaney "(or C.B.) of the 
main portion of the displacement. 

In the specimen calculation, the position of this centre of 
buoyant is determined with regard to the middle ordinate 
(No. 6), and moments are taken about that vertical section. 
In the column headed multipliers for leverage/' it will be 
seen that opposite each ordinate is written the numerical 
order of its position with regard to No. 6, or, in other words, 
the number of times 14*1 feet that the ordinate is distant 
from the section about which moments are taken. Thus, the 
multipliers opposite ordinates Nos. 1^ and 10| ai*e in both 
cases 4|; each of these vertical sections being 4^ x 14*1 fb. 
63-45 ft from Na 6. 

The reason for using the multipliers in preference to the 
actual distances, and the manner in which the actual distances 
are afterwards included in the work, have been explained in 
Art. 25. The coltomi headed ^ Moments " contains the pro- 
ducts of the Multiples of Areas" and their respective 

Multipliers for Leverage.'* The moments before and those 
abaft Na 6 ordinate are totalled separately, and the difference 
between the totals, viz., 82*5 is a function of the preponder- 
ance of the forward over the after moments. The actual 
resultant forward moment is 

82-6 X X I X U-1 X 2=72897 cubic feet 
acting at a leverage of 1 foot, or a 208*2 foot tons. 

In the above expression, ^ I ^ ^® product of one-third of 

each of the common intervals, as required by Simpson's Rule 
for a volume; 14*1 is the factor (previously neglected) of the 

multipliers for leverage," and 2 is for both sides of the ship. 
There is, however, no advantage, but rather the contrary, in 
calculating the exact moment, for since the total 3178 of the 

multiples of areas" is in the same terms as 82*5 x 14*1; the 
fonner beiog the same function of the volume that the latter 



Digitized by Google 



fiZFLAHATION OF DISPLAOEMEMT 8HBKT. 56 

82*5 X 14*1 

is of the resultant moment; therefore -^^-gjjg — = '306 feet, 

is the horizontal distance of the centre of buoyancy of the 669 
tons of displacement before No. 6 ordinate. This is proved 
hj mutiplying 569 tons by '366 feet, which gives 208*2 foot 
tons — the same result as before. 

Similarly, the vertical position of the same centre of buoy- 
ancy with regard to the load water line is found as shown at 
the foot of the tabular form. The sum of the functions of 

moments (or moments as they are generally styled) is, in 

5606*3 X 2 

this case, 5 GOG -3; hence — gj^g — = 3*528 feet, the distance 

of the 0.R of 569 tons of displacement below the load water 
line. 

There now remains to be calculated the volumes of dis- 
placement and positions of the centres of buoyancy of the 
portionB of the immersed body not included in the calculaiicm 
already mada ThB prindpsd of these is the volume below 
the iifth water line, not induding the keel On the left hand 
side of the sheet this calculation will be seen. In the cdumn 
headed half areas,'' are stated the half areas of the portions 
of the vertical sections, at the several ordinates, between the 
fifth water line and upper side of keeL These are calculated 
by the simple rules of Mensuration, the figures being usually 
trapezoidal or approximately sa After the preceding descrip- 
tion of the calculation for the main portion, the figures in the 
other columns do not require explanation. It must, however, 
be remarked that as the figures refer to areas and not linear 
dimensions as in the previous case, the total 159*55 has 

14*1 

merely to be multiplied by -y, and afterwards by 2, in 

order to obtain the volume for both odes of Ihe ship in cubic 
feet In regard to the moments, the figures 322*185 and 

322*185 

159*55 are in the same terms, and, therefore, ' ig^.gg = 2*019 

feet is the horizontal position of the centre of buoyancy of the 
appeoidage from No. 6 ordinate; it being in this case on the 
alt side. 

Immediately below the calculation just alluded to will be 
found those for the volume and weight of tho displacement 
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of the few minor portions of the immersed body not yet 
estimated. These, in this case, consist of the rudder and 
rudder post, bilge keels, wood keel, a continuation of the 
keel under the aperture, and the body post These are 
calculated by the elementary principles of Mensorationy and 
the weights in tons are found by dividing the volumes by 35. 
Their centres of buoyancy, including the vertical position of 
that of the principal appendage, can eaailj be obtained by 
simple measnxement. 

We have now to collect the results already found, and from 
them determine the total displacement; also thejlongitudinal 
and vertical positions of its centre of buoyancy. Immediately 
beneath the calculation regarding the main portion of the 
displacement, the total result is given. The total displace- 
ment being merely the sum of the several components, it is 
found to be 620*158 tons of sea water, or 21705-58 cubic fb. 
The positions of the centres of buoyanpy with regard to No. 6 
ordinate are stated in the column headed leverage,'' and the 
moments of the components are given in the next two columns 
— one bemg for the forward, and the other for the after mo- 
ments* The resultant after moment is found to be 35*2 foot- 
tons, and this being divided by the total displacement 620*158 
tons, gives 056 feet, the distance abaft No. 6 ordinate at 
which the centre of buoyancy of the total displacement is 
situated. The two remaining columns show the distances of 
the centres of buoyancy of the several components below the 
L.W.L., and their moment about that line respectively. All 
these moments being on the same side of the axis about which 
moments are taken, their sum (2449 foot tons) is the total 

moment of the displacement about the L.W.L. Hence^ 
2449 

620'158 ~^'^^ ^ distance below the L.W.L. at which 

the C.B. of the total displacement is situated. Thus having 
the vertical and horizontal -positions of the point, it is fully 
detcriniiied, and wo are now able to use this knowledge in 
our futiiio calculations. 

An explanation of the curve of areas of midsliip section 
was given at Art. 37; at the lower left hand corner of the 
specimen calculation will be found the work required in 
determining the ordinates for constructing the curve in this 
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cose. The area of the whole midship section to the LW.L. 
is found calculated on the extreme right of the calculation 
for the centre of buoyancy of the whole displacement; the 
value 158*45 there employed being obtained from the column 
headed •* functions of areas," and in the row belonging to 
Na 6 ordinate, which is situated at the fullest part of 
the ship. This function of the midship sectional area is 
multiplied by one-third the common interval between the 
water lines, viz., 2 feet, which gives 105*63, to this is 
added the half sectional area of the "appendage" at ordinate 
6 (see column of "half areas,") also those of tJie keel and 
bilge keels; the total, 11 7*78 sq. ft, when multiplied by 2 
for both sides, giving 235-56 sq. ft., the totiil area of the 
midship section. In obtaining the areas as high as the 
several water lines below the load line, the areas of the 
portions included between the latter and the respective water 
lines are calculated, and tlio results are deducted from the 
whole area. The five-eighth rule is employed for the area 
as high as the second "W.L., the one-tliird for the area to the 
next, and the three-eighth rule for that to the fourth W.L.; 
the areas of the keel and ap})endage added together being 
the area to the fifth W.L. The mode of constructing the 
curve with the ordinates thus found has already been ex- 
plained in Art. 37, and the curve itself is shown by fig. 1, 
Plate VI. 

A "cui've of sectional areas" may be constructed by deter- 
mining the areas of the vertical sections at the other ordi- 
nates, in the same manner as already done for that at No. 
G — the midship section. See fig. 2, Plate VL 

At the middle of the right hand side of the Table is 
shown the mode of obtaining the " tons per inch of immer- 
sion" at the several water lines. The " functions of areas " 
of the seveml water lines, as found in the row at the foot of 
the tabular form, are multiplied by one -third of 14*1 (the 
common horizontal interval), which gives one-half the areas 
of the resi)cctive water planes in square feet, or, if considered 
as cubic feet, it represents a slice having a surface of that 
area, and one foot thick. Hence, ujjon dividing by 12 and 
35, we obtain the weight of such a volume of sea water 
liaving that area^ but only an inch thick; and multiplying by 
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2 we obtain the weight of both sides. The " tons per inch" 
at the several water lines in this case are shown on the sheet ; 
the mode of constructiiig the " curve of tons per inch" waa 
ex])lained at Ai*t. 39. 

Wc have now to explain the portion of the specimen cal- 
culation referring to the "curve of displacement." As stated 
at Art. 40, the displacement when the ship is floating at each 
of the several water lines has first to be calculated, and ordi- 
natcs are then drawn to a certiiin scale representing the 
several displacements. The displacement to the L.W.L., 
viz., G 20 '158 tons, has already been obtained. At the foot 
of the right 'hand side of the specimen sheet will be seen the 
calculations for the remaining water lines. As in the case of 
the areas of midship section, the displacements between the 
L.W.L. and the other water lines are first calculated; and the 
xesults deducted from the total displacement give the displace- 
ment below the aeveral lines. The five-eighth rule is employed 
for the second water line, the one-third rule for the third, and 
the three-eighth rule for the foiurth water line; while the dis- 
placement to the flfbh water line consists of the sum of the 
displacements of the appendage, wood keel, rudder, posts, etc. 
If there were seven instead of five water lines, the one-third 
rule would be used for the displacement to the fifths and the 
three-eighth rule for that to the sixth water line, while the 
displacement to the seventh W.L. would be found similarly 
to the fifth in the present example. When the sevend 
displacements are calculated, the curve of displacement 
is constructed in the manner explained at Art 40. (See 
2, Hate YII., also Plate YIIL) The remainder of the 
cdcniations shown on the specimen sheet will be explained 
hmafter. 

4S. Geometrieal Hetliod.— We will now show how the 
displacement, centre of baoyan<y, etc., are detennined hy a 
purely geometrical process, based upon the principles already 
discussed. The curves of tiie water lines and vertical sections 
are assumed to be parabolas of the second order, as in 
Simpson's Eurst Bule. It will be remembered that at Art 
'10, this parabola was defined as '^a curve such that the area 
of any one of its segments is two-thirds of the product of the 
base, and deflection of that segment." Beferring to fig. 2, 
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Plate Xy the area of AGHKE is made up of the trapezoid 
ACKE^ together with the parabolic segment CHK, 

Hence area ACH&E=^^^^|=' X A£+|HM X A£ 

Sinukrly, area EELDB=EB(aif +|LN)=:AE(aN+|LN). 

Hence, whole area ACKDB= AE | (mF + 1 HM^ + (gN + |^LN^ | 

If titien a point fig. 1, Plate IX., be taken so that 
OM^%HM* and a point P, such that PN^^LN. 

Then area ACKDB = AE(FO + GP). 

From this it is seen that FO + GP is a multiple of the 
Bves. ACKDBj so that a line EQ = FO + FQ will represent 
the area to a certain scale. For instance, if AE~4: ft., and 
FQ is found to measure 9 ft., then we know tluit the area is 
4 X 9 = 30 sq. ft., or that 9 ft. is the area of the curved space 
on the scale of 3 in. = 1 sq. ft.t This is the principle n])on 
which the geometrical calculations we are about to consider 
are based. The distance FQ is set off upon the middle ordi- 
nate, or that ordinate produced, for the sake of convenience 
in further calculations, as will be seen hereafter. In order 
to keep the geometrical construction within the limits of an 
ordinary sheet of paper, the scale of length of the new ordi- 
nates, such as FQ, is reduced ; for instance, Fli may rej) resent 
the area, where FF — hFQ ; only in that case the scale would 
be lA in. = 1 sq. ft., or upon the supposition contamed in the 
foot note the scale would be in. = 1 sq. ft.^ in other words, 
1 in. = 32 sq. ft. 

The ])rcceding illustration is for an elementary case of 
three ordinates; referring to Plate X., a more general example 
will be seen, in which certain other curves are constructed 
by a continuatiou of the principle. 

* If the curve is convex, with regard to the base line, as in fig. 2, 
Plate IX., then the chord and the point O will bo on the other side 
of the curve, and the length OM must be dcihioted from FAF, or in 
other words, OH must be added tu FJI instead of being deducted 
from it as in fig, 1. 

t This is upon the supposition that the ordinates AC, EK, BD^ 
and the abscissoo AE and EB are drawn to full size, if they are 
already upon a reduced scale, say ^ in. to a it, then the scale of EQ 
will be ^iD.,=. \ 8(1. ft. 
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Fig. 2, on Plate X., is the half-breadth plan of a ship, and, 
for simplicity sake, it is constructed with five water lines, 
the lowest being at the keel; and five ordinates, the endmost 
being at the extremities of the bow and stern. In this way the 
whole of the immersed body is represented in the plan; the 
common distance between the water lines being given. It 
is perhaps unnecessary to state that to secure these conditions 
the ship is assumed to be floating at " an even keel," and 
that her extremities are perpendicular to the L.W.L.; by 
this assumption, we are not bothered with appendages of any 
kind. In actual practice, allowances can easily be made for 
these, and represented in the curves. Fig. 1 in the Plate 
shows only one of the water lines, viz., the L.W.L.; the mode 
of working with the others is exactly similar, but they are not 
repeated in this figure, in order to avoid confusion of 
lines.* 

The first curve to be determined is that termed the " curve 
of areas of water lines," this being constructed from ordinates 
equal, to scale, to these areas. Beginning with the L.W.L., 
drawn in fig. 1 ; chords are drawn joining the upper extre- 
mities of adjacent ordinates (this process has already been 
explained; the chords are omitted in Plate X.), the abscissae 
are bisected and intermediate ordinates dmwn through the 
bisections to points situated at two-thii'ds the deflections of 
the arcs cut by the chords, measuring from the latter. The 
sum of the lengths of these intermediate ordinates is obtained 
by means of a strip of paper applied to each ordinate in suc- 
cession, the measurements upon the strip being adjacent to 
each other. This length is set ofl* upon No. 1 original ordi- 
nate produced, so that it now serves for L.W.L. as well. In 
tlie figure it is drawn to half size to suit the dimensions of 
the dmwing; and it is such, that if measm-ed with the scale 
to which the drawing is made, and then multiplied by 2, and 
by the common interval between the original ordinates, tho 
result is the half area of the water plane. The functions of 
the areas of the other water planes are found by measure- 

* It will bo observed by reference to the figure that the same 
lines serve for the ordinates of the half-breadth plan and for water 
lines; this is done for convenience' sake, it being remembered that 
the common interval used for the ordinates is 40 ft., while that for 
the water lines is 3 ft 
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meat idth a strip of paper in a similar manner, and half the 
lengths so found are set off upon Nos. 2, 3, 4, and 5 * original 
ordinates (produced if required), which now serve for Nos. 
2, 3, 4, and 5 water lines. A line passed fairly through tiie 
points thus found is the curve of areas of water jdames. To 
determine fixvm it the half area of any other water plane 
than those used, an ordinate must be drawn through a point 
on the base line representing the position of the water plane 
with regard to the others, and the length of this ordinate to 
the curre must be multiplied by 2, and by the common 
interval between the verti(»l section ordinates. For instance, 
if these ordinates (Nob. 1, 2, etc.) are 40 ft. apart, and if 
the length of an original ordmate of the curve of areas at 
No. 2 W.L. (which is a draught of, say, 9 ft., the total 
draught being 12 ft in this case) is^ measured with the scalOi 
23 ft; then : 

23 X 2 X 40 = 1840 sq. ft. for one side only, 
or 3680 sq. ft. , the total area of No. 2 water plane. 

A curve of areas of vertical sections can bo obtained in a 
similar manner, by using the body instead of the half- 
breadth plan; observing that the nature of the curvature 
in the body plan is such as to render less accuracy 
probable. 

We next proceed to construct a curve of displacement by 
means of the curve of areas of water planes just drawn. 
Retaining the original and intermediate ordinates already in 
the figure, but pioduced, if necessary; draw the chords of the 
curve of areas as before, and discover the points at two-thirds 
the deflections of the arcs from the chords. Next consider 
that the total displacement is the sum of the areas of all the 
water lines that cari be conceived at an inlinitelv small 
distance apart, or, in other words, tluit the total displacement 
is the area of the space inclosed by the curve of areas of 
water lines, the base line, and No. 1 ordinate. Hence, with 
a strip of paper, measure the sum of the lengths of the inter- 
mediate ordinates to the points already determined, and this 
total length will be a function of the whole displacement. 
In fact, if we call the length so found Ij the vertical interval 

* The area at No. 6 bk nothings as the ship is asromed to have 
no projecting keel. 
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between water lines = A, and the horizontal interval between 
ordinates = k, then 

lx2xhxk=i diBplacemeat. 

Thus if 

^=73 ft. wlien meaanrcd with the scal^ 
= 3 ft. and /: = 40 ft. 
73 X 2 X 40 X 3 ^ 17,520 cubic ft 
or 35040 cubic ft. = 1001 tons total displacement. 

In the curve of displacement drawn, the distances set off 
upon the ordinates are half the results of the measurements; 
this being done in order to keep the figure within bounds. 
A similar reduction in scale is also found desirable in prac- 
tice. This half length is then set aS upon No. 1 ordinate 
(produced, if necessary), and, as shown, represents the total 
diisplacement to scale. 

For the displacement as high as No. 2 water line, the area 
of the curve enclosed by No. 2 ordinate is similarly measured, 
and half the length is set off upon that ordinate, and so on 
with the others. The area to the fifth water line is, of course, 
nothing. A line di-awn fisdrly through the points thus 
obtained, as shown, is the curve of displacement; being (if 
drawn upon the samo scale) identical with the curve con- 
structed from the results of the displacement sheet. 

A curve of displacement can also be constructed from the 
curve of vertical areas, and the total displacement shown 
thereby will be the same as that given by the curve just 
• drawn. The remainder of such a curve is, however, practically 
useless for the purpose of determining displacements, as the 
length of an ordinate gives the displac^ent included between 
an extremity of the vessel and a verti<;^l section at that 
ordinate. 

We have next to show how to obtain ike position of the 
centre of buoyancy from these results. By the aid of the 
curves already detcomined^ we are enabled to construct another 
curve from which we can determine the position, vertically, 
of the centre of buoyancy, when the ship is flos^dng at any 
line, parallel to the load line^ between the Leitter and &e keeL 
This is done by construdang a curve, the ordinates of which 
represent to sioale the leverage, about either the keel or the 
L W.L.y of ^ach of the water planes used in tbe sheer draught. 
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Supposing we take moments about the L.W.L.^ and construct 
such a curve (known as the " curve fw vertical moment 
then the area of the space enclosed by the curve, the base, 
and any ordinate, is a known multiple of the moment of dis- 
placement to the corresponding water line about the L.W.L. 
Hence, dividing the moment by the volume of displacement, 
up to the line in question, the quotient is the distance of the 
centre of buoyancy of that displacement below the L.W.L. 

To construct the "curve for vertical moments" (we will first 
take moments about the L.W.L.): multiply the lirst ordinate 
of the cui*ve of areas of water lines by 0 ; the second by 1 ; 
third by 2, and so on; and pass a curve ilirough the points 
so found: such a line will be the " curve for vertical moments.'* 
It is such that any ordinate of it is a known multiple of the 
moment of the area of a water plane at tliat ordinate, about 
the L.W.L. In this case, when we take moments about tho 
L.W.L. , the curve cuts the base line at the lirst and fifth 
ordinates, the latter being each = 0. As will Ije seen by tho 
figure, when moments are taken about the keel, the cui'vo 
cuts the base line at the keel, or fifth water line, only. 

Next, to construct the " curve of vertical moments," draw 
the chords of the curve just obtiiined, joining the extremities 
of the ordinates; also, draw the intermediate or half ordinates 
as used in constmctLng curves of areas and displacement, and 
stop them at two-thirds the deflections of the arcs, measured 
from the chords. Then, by the aid of a strip of paper, obtain 
the sum of the lengths of these intermediate ordinates, and 
set off the total upon ordinate No. 5 produced ; also the sums 
of the lengths of tho half ordinates between Nos. 1 and 4 
ordinate, and set off the residt upon No. 4, and so on. In 
fig. 1, where the curves are shown, only half the lengths are 
set off in order to keep the figure within reasonable proper- • 
tions. A curve passed through the points thus found is the 
" curve of veiiiical moments." We will now give an instance 
of the mode of using this curve, in obtaining the vertical 
position of the centre of buoyancy to any water line, say at 3 
ft. below the L.W.L., or at No. 2 W.L. The length of this 
ordinate when measured with a scale is found to be, say^ 70 
feet. 

,% 70x2x9>c 40x3x3x2=201,600 foot «ubic£eet| 
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»= moment of displacement to second W.L., about L.W.L. 
But displacement to second W.L. is 850 tons = 29,750 cubic 
feet j therefore 

29,700 = ^'^ 

which is the depth below the L.W.L. of the centre buoyancy 
of the displacement when the ship floats at No. 2 water line. 

In the above expression the figure 2 is used twice in order 
to allow for the two redactions in scale which have been made 
in order to keep the diagram small; 40 is the horizontal com- 
mon interval; 3 is the vertical common interval, which is used 
twice, viz., once for volume and once for leverage; and the 
last 2 is for both sides of the ship. 

Sometimes, for the sake of convenience, separate curves 
are constmcted for the fore and after bodies; in which case, 
the sums of the moments and displacements for the water line 
in question, as found from the two sets of curves, must be 
used* Plate XI. shows the curves of the fore and after 
bodies of a vessel constructed in this way. It will be observed 
that the curves are drawn upon a prepared sheet, ruled, so 
as to enable a calculator to work witiiout a scale. Being 
divided into a number of large squares, the side of each of 
which 'is equal to 5 fb. on a ^ inch scale^* and eadi of these 
squares being again subdivided into squares, each of whose 
sides is 1 foot, a very dose degree of accuracy can beobtained 
in setting off distances and dividing or multiplying oxdinates 
without the aid of either compasses or scale. 

The curves shown on Plates X. and XI. are those obtained 
from water lines, and while they give all the information we 
need regarding the displacement, the only information which 
they contain regarding the position of the centre of buoyancy 
is its distance from the L.\V. plane. In order to obtain its 
longitudinal position, it is necessary to construct the curve 
of areas of vertical sections as already exj)lained, and from 
this determine, by an analagous process to that just gone 
through, the longitudinal position of the centre of buoyancy 

* Plate X. is drawn upon ^% of the usual scale, to get the diagram 
within the limits of the page. Usually there are 400 squares instead 
of 100, and the side of each square is 1^ in. instead of | in. as 8hown« 
This ruled sheet was devised by Mr. C. W. Merrifield, F.B.S. 



DB. WOOLLETS BULB FOB DKrBBUININO DISPLACEMENT. 65 



with xogard to any Tertical flection about which it may be 
thought joonvenienl to take moments. 

The geometrical method of obtaining the disphusement and 
centre of buoyancy, while furnishing in a compact form a 
quantity of information, i*eadily extracted if required^ yet 
occupies longer time in construction than is taken about an 
ordinary displacement sheet for the same ship, and although 
more labour is required in extracting from the latter par- 
ticulars regarding various draughts of water than in the case 
of the geometrical method, yet for general use in the drawing 
office the displacement sheet is the preferable of the two, as 
it contains all that is usually required, and in such a form 
that it can be used at once. Nevertheless, the geometrical 
sheet, such <as is partly shown by Plate XI., is a valuable 
adjunct which might with great advantage be more generally 
used than it is at present. 

43. Dr. WooUey's Rule. — A Rule has been devised by Dr. 
Woolley, late Director of Education to the Admiralty, for 
the j)urpose of obtaining the displacement direct from the 
ordiuates without going through the intermediate prDcoss of 
deteruiiniiig the functions of the areas of the water planes or 
vei*tical sections. 

Fig. 1, Plate XII., shows a solid bounded by a curved 
surface, and five planes which intersect at riglit angles. The 
immersed body of a ship is made up of a number of such 
solids. This elementary solid is divided into four parts hy 
two planes at right angles to each other, and dividing the 
rectangular base into four equal parts. The intersections of 
these planes with the sides, base and curved surface give nine 
vertical ordinates, marked a^, ctg, a^, b^, 6.,, etc., in the figure. 
Let 7? and q be the sides of one of the rectangles of the base; 
or if the base be a portion of the vertical middle line plane 
of a ship, then p and q will be the vertical and horizontal com- 
mon intervals. The volume of tins solid is found thus 



0 



1 



0 



0 6^0 



1 



2 



1 



X becomes 
3 



0 



1 



0 



0 6, 0 



4b 
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The nine numbers enclosed in the square on the left are 
the multipliers by the Kule, arranged in order; these are 
multiplied by the ordinates in order, as shown by fig. 1, 
Plate XU. 



agxO=0 



6, X 2=26, 
6«xl=6a 



c, xO=0 

Cj X l=Cj 

c,xO=0. 

2pq . 



The sum of the products multiplied by is the volume 

required* For instance,, let 

Ox=8 5j=:6 6j=6 

a, =6 63 = 6 c,=4 
p=Sf and 2=4. 

Then the prodaots enclosed in the preceding sqnaxe are 



0 ' 6 • 


0 


4 • 12 • 


5 


0 • 6 • 


0 



X ^^—^ = (4+24+ 6)8=264. 



The multipliers of Simpson's First Bule, if expressed in a 
similar manner, would be 



9 



and the products^ by using tho same ordinates, would be 




3 


24 


6 


16 


96 


20 


5 


24 


4 



X ^ = (24+ 144+80) t=.264^ 



which is the same result as above; only, as will be observed, 
after a greater expenditure of labour, by reason of the 
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magnitude of the multipliens in Simpflon's aa oompaied with 
WooUey's Bida 

So far, wc have onlj been considering the appUoation of 
Woolle/js Kule to an elementary solid^ divided by two planes^ 
at light angles to each other. From the precedmg, however^ 
an expreBsion is readily found by whioh a volume of displace- 
ment can be calculated with any odd number of vertical 
sectioiis and water lines. For instance^ let us take a case of 
5 water lines and 9 vertical sections; we have then eight 
dementazy solids arranged as below: — 

No.l No.t NO.S No.S No.4 No.5 No.5 No.6 No.7 No.7 No.8 No.9 



L.W.L. 


0 


1 


0 


0 


1 


0 


0 


1 


0 


0 


1 


0 


2 W.L. 


1 


2 


1 


1 


2 


1 


1 


2 


1 


1 


2 


1 


3 W.L. 


0 


1 


a 


0 


1 


0 


0 


1 


0 


0 


1 


0 


3 W.L. 


0 


1 


0 


0 


1 


0 


0 


1 


0 


0 


1 


0 


4 W.L. 


1 


2 


1 


1 


2 


1 


1 


2 


1 


1 


2 


1 


5 W.L. 


0 


1 


0 


0 


1 


0 


0 


1 


0 


0 


1 


0 



"3 



which, when oombinedt appears thus — 

No. 1. No. f. No. 3. No. 4. No. 5. No. 8. No. 7. No. 8. No. 9. 



L.W.L, 


0 


1 


0 


1 


0 


1 


0 


1 


0 


2 W.L 


1 


2 


2 


2 


2 


2 


• 

2 


2 


1 


3 W.L. 


0 


2 


0 


2 


0 


2 


0 


2 


0 


4 W.L. 


1 


2 


2 


2 


2 


2 


2 


2 


1 


6 W.L. 


0 


1 


0 


1 


0 


1 


0 


1 


0 



2pq 

8 



YrcfBk this example it will be seen how to express the 
mnltiplien for any odd nnmbem of vertical stations and water 



44. Pzoof of Wodlqr's Bnle.— For the benefit of the 
advanced student^ we now propose giving a proof of the rale 
just atated. Beferring to fig. 1, Phite XII., let 0 be the 
origin and OZ, OFaad the axes of co-ordinatea 
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The general expression for the volume of the solid is=s 

It i« awiumed that the curved surface is that of a cuhic 
I>araboloid^ the general equation for which is 

2== a + ^-c + cx« + + f + ^'y + Axy • + ix» + V. 

TiCt p bo the common interval along the axis OX, and q 
that along the axis OY, 
Then we have — when 

X — o , y = q . z = =. a -i- dfj + eq^ + h]^ 

X = o.y=-(j,z = ai = a- dq + eq^ - Iq^ 

X = o . y = o . z = = a 

X - p . y ~ o , z = = a + hp + cp^ + Lp* 

JB— p . y =z q , z = = a + bp + cp^ + dq + eq* + fjyq 

+ 9P^q + hpq^ + hp^ + 
X — p . y = - q , z = bi = a+ bp + cp* - dg + eq* - fpq 

- f/p^q + hpq^ + Xrp* - ^y* 
X - 2p , y o . z = = a + Ibp + Acp^ 
x^ tip . y =. q , z = = a + 2bp + 4cp^ + dq + eq"^ -h 

2/pq + 4ffp^q + 2hpq* + Skp^ + Iq^ 
X = 2p . y = ~q.z = Ci=a + 2bp + 4cp^ - dq + eq^ - 

2/pq - 4gp^q + 2hpq^ + Skp' - Iq^ 

-but the volume of a solid 

= y y y dxdydz 

= y y zdxdy 
and this particular volume 

rip rq 

~ /o y_ y + + « + cZy + 2 +fxy ■\-gx''y-\-1ixy^+hx^-\-hf )dxdy. 

~ ^''^^"^ ^^^^ 2ca;«(?+ |e{?» + ^lixq^ + 2kx^q)dx 
=4a/>ry + 4hp^q + ^cp^q + -epq^ + 1 kp^qi + g^^*^ 

but ag + &i + 263 + 6a + Ca = i (the above expression in brackets.) 

as may be deduced fi-om the values of a., Ly etc., which 
have been already found. 
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Hence we have — 

Volume = ^ (rta + &i + 2h^ + 63 + c,) 

Or, arranging the ordinates as they stand upon the base of 
the solid — 



In X 



0 




0 








0 




0 



from whence, by using only the multipliers, we get the general 
expression— 



3 



0.1.0 
1.2.1 
0.1.0 



45. Centre of Buoyancy by Woolley's Rule. — The preced- 
ing result has been obtained upon the general assumption 
that the curved surface is a cubic paraboloid; as may be seen 
by looking into the investigation, the same result would have 
been obtained if the equation to the ordinary paraboloid had 
been used, that equation being 

z= a+ 6x + cx' + rfy + ey' 

We will now show how to obtain the co-ordinates of the 
centre of buoyancy by Woolley's Rule, using the above equa- 
tion to the surface. 

First, to find the longitudinal position of the centre of 
buoyancy. Referring to fig 2, Plate XII. (which represents 
the base of the solid shown by fig. 1), we will take moments 
about the plane of YZy which is repi*esented by the line a^a^y 

being the origin. 

Let T be the distance of the centre of gravity from that 
plane. 

Then Volume x T= J^^ J'^xzdxdy 



i 
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Integrating between the limits we have 

4 

Volume X T=|p«2 (3a+46i?+6cj|2 +eq^) 
Bat if the equation 

represent the surface, we £nd by equating the co-efficients, as 
in the hust Art., that 

(&i + 26« + 6,) + 2 X Ca = 6a-|- Sip + 12qp* + 2e9*. 

Hence Volume x T=jp^2{(6i+26a+6,)+2ca} 

|pgta, + (6x+2da + 6») + 2c, } 

Or T- p*^ X 0 + -f + X 1 + X 2 
a, + (6i + 26, + 6,) + Cf 

a form which the reader will j^robably recognise, being that 
which we have previously employed, only with Simpson's 
instead of WooUey 's Multipliers. * 

The value of T, expressed in a form fit for the immediate 
substitution of the lengths of the ordinates, ij 




* Should the similarity not bu oljvious, it may be desirable to point 
out that the functions of the first set of ordinates are multiplied by 
zero, those of the second by unity, and of the third by 2, the same as 
when taking moments in the centra of buoyancy calculation upon the 
ordinary displaoement sheet. This is what we might have expected, 
but we have here proved it independently. If there were a greater 
number of seotionsi the maltipliers would continue thus:— ^ ^ 6^ etc 



UENTHE OP BUOYANCY BY WOOLLEy's RULE. 



71 



the sum of the upper products being divided by that of tlie 
lower. 

As an example, we will substitute the values of the ordin- 
ates, and the common intervals given in the preceding Art. 



T = 3x 



0 


6 


0 


0 


12 


10 


0 


G 


0 


0 


. 6 


. 0 


4 


. 12 


. 5 


0 


. 6 


, 0 



—.3 X ?| = Sj^j from the plane YZ. 



Using Simpson's Multipliers we shall get 



T=3x 



0 


24 


12 


0 


96 


40 


0 


24 


8 


3 


24 


6 


16 


96 


20 


5 


24 


4 



204 



= 3 X = 3rr from the plane YZ 



which is the same result as before. 

The other co-ordinate of the centre of buoyancy, i.e., its 
distance, measured from the plane ZX, may be found in a 
similar manner, only that it is preferable in this case to shift 
the origin to in fig. 2, or, which is the same thing, to 0^, 
fig. 1, and thus find the distance of the centre of buoyancy 
from the plane Z^X^ The result wHl bo similar to that given 
above. Let be the distance, then 



T=7x 



0 


«3 


0 


0 




26i 


0 




0 


0 




0 




26a 


Ca 


0 


63 


0 
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vhicli^ in the example already employed, gives 



Tj=4x 



0 


4 


0 


0 


12 


12 


0 


5 


0 


0 


6 


0 


4 


12 


5 


0 


6 


0 



3S 

= 4x^ = 4 from the plane Z,Xj» 



which happens in this case to be in the plane COntamiDg tiu 
ordinates a,,, b,,, and c.,, or the plane ^X, 
The applicatiou of Simpson's Bule gives 



Tx=4x 



0 


16 


6 


0 


96 


48 


0 


20 


12 


3 


24 


6 


16 


96 


20 


0 


24 


4 



198 

=4 X = 4 from the plaoe Z,Xi, 



which again confirms the result by Woolley^s Rule. 

From the I'csults obtained by the use of the elementary 
solid, we may readily write down the multipliers by which the 
centre of buoyancy Ls found in a case where any odd number 
of ordinates is given in either direction. In the exani]»Ie 
with which we conclude Art. 43, the distance of the centre 
of buoyancy, from vertical section No. 5, is found by first 
multiidying the ordinates by the following niulti}>liers given 
in order, and then multiplying the difference between the 
moments on the two sides of No. 5 by the common interval, 
and dividing the result by the sum of the products given for 
the dis])lacement at the end of that Article. It will be 
observed that iu the upper parts of the following tabular 
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forms, tho multipliers by Woolley's Rule are allectecl by the 
riuilti|)licrs for Icvcragu similarly to the method when Simp- 
son's Kule is employed. 



alaoTi 



0 


3 


0 


1 


0 




0 


1 


0 


3 


0 




0 


A. 




A 
U 




A 
U 




A 

4 


0 


A 

4 


A 
U 


D 


u 


It 


A 
U 




A 

u 


o 


A 

u 


/» 
o 


A 

u 


A 
4 


D 


A 


A 


A 
W 




A 

u 




4 


0 


A 

4 


fl 
U 


Q 


u 


1 
1 


A 
U 




A 

u 


1 


A 
U 


Q 

o 


A 
U 




0 


1 


0 


1 


0 


1 


0 


1 


0 






1 


2 


2 


2 


2 


2 


2 


2 


1 






0 


2 


0 


2 


0 


2 


0 


2 


0 






1 


2 


2 


2 


2 


. 2 


2 


2 


1 






0 


1 


0 


1 


0 


1 


0 


1 


0 




























0 


0 


0 


0 


0 


0 


0 


0 


0 






1 


2 


2 


2 


2 


2 


2 


2 


1 






0 


4 


0 


4 


0 


4 


0 


4 


0 






3 


6 


6 


6 


G 


G 


G 


G 


3 




— gx 


0 


4 


0 


4 


0 


4 


0 


4 


0 




0 


1 


0 


1 


0 


1 


0 


1 


0 






1 


2 


2 


2 


2 


2 


2 


2 


1 






0 


2 


0 


2 


0 


2 


0 


2 


0 






1 


2 


2 


2 


2 


2 


2 


2 


1 






0 


1 


0 


1 


0 


1 


0 


1 


0 
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The distance in this latto case being measoxed hem tbe 
L.W.L. In both the abovey the order of the water lines and 
vertical sections is the same as in Art 43. 

46. aeometrical Application of WooUqr's Bnle.— Mr. 

0. W. Merrifield has suggested a oonyenient and practicable 
mode of applying Woolley's Bnle for the Yolmne of displace- 
ment Fig. 3 of Fhite XIL rmesents the half-breadth plan 
of a ship, from the L.W.L. to tiie keel; there are five water 
lines and seven ordinates, inclnding tiie two endmost^ which 
in this case are each zero. The lowest water line is placed at 
the keel, for the sake of simplicity. At the intersections of 
the water lines and ordinates, the respective Woollej*s multi- 
pliers are written down. Then take a long strip of paper, 
having a clean straight edge, and with a shaip i)encil measure 
off upon it the length of every ordinate which has a number 
at the head of it on the jilan, taking twice those marked 2, 
and neglecting those marked zero. Each ordinate is to begin 
on the strip where the previous one ends, so that the whole 
length on the strip will represent the sum of the ordinates 
when affected by their proper midtipliers. The measurements 
are obtained by actually applying the strips to the ordinates, 
in the same way as we have already constructed the dis})l a ce- 
ment and moment curves (see Art 42). It only remains to 
multiply the total length of the strip (when measured by the 
scale) by two-thirds of the product of the length and depth 
intervals, and the displacement is obtained in cubic feet. 

As it is not possible to obtain the areas of the water planes 
and vertical sections with WooUey's Rule, the latter is not often 
used in ship calculations. It is, however, peculiarly adapted 
for rapidly obtaining the volume of displacement and position 
of the centre of buoyancy in the preliminary stages of a 
design; but for obtaining all the particulars calculated upon 
a displacement sheet, Simpson's Kules are better suitedi and 
invariably employed. 

47. Angular Measurement of Areas. — The area of a figure 
bounded by a curve and two intersecting straight lines, such 
as WJSWi, fig. 3, Plate V., may be foimd in the following 
manner : — Divide the angle WSWi into an even number (rf 
equal intervals by radiating lines jSw^j Sw^j and Swy Meaawre 
t/i^ kngihs of the radiaiing ordinates, /SW, iSwi<, Swp JSw^ and 
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SWif and ireai their half squaim aa the crdinateB of a ngm 
cum. Multiply ihuehalfsqvMreebifih^ 
MfMplier$^ 00 m Ik mniihM rtcfc^ ond mm mvidtiphj ika 
9wn of 1h$ produ/eta hyom^kwd the eirctdair meeuwre* of tha 
angular interval between tie radiating ordinatea; the reeult 
will be ihe wrea required. 

For instance, let the values of >S'1F, Sw^^ Sw^, Sw^, and 
SW^t be 6, 5*2, 5-7, 6*4, and 7*3, respectively; also let the 
common angular interval be 5 degrees: the area will bo 
calculated thus; — 



Numbers of 
Orrtinntcii- 


Oxdinaies, 


Half Squares of 
OnlinAtea. 


Simpflon's 
Maltiplien. 


FunctioDB of 


1 


5^0 


12-500 


1 


12-500 


2 


5-2 


13-520 


4 


54 080 


3 


57 


16-245 


2 


32-490 


4 


C-4 


20-480 


4 


81-920 


6 


7-3 


26*645 


1 


26*645 



cireu3ar meawire of 5' 
8 



207^635 

= -02908 



AraaofWSWtS 6*038 

4& IzpUuiatioB of the preoeding.— Lefc YF^= r and WSW. 
s A Coiudder an indefinitely small angle WSw^ wbidh will 
thus be d$. Then Wwis^rddf and theraore the area of 

Hence the whole area WSW^^ made up of an infinite number 
of these elementary areas» is equal to S^^* 
area of a plane figure bounded by a curve and rectangular 
ordinates and abscissa is J ydx, and this expi-essed by 

Simpson's Frst Kule is^(aj + 46i + Ci); whence we sec by 

2 (10 expressed by that rule is 

* The circular measure of any angle is found by multiplying the 
nnmber of dogreei in it '01745# 
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This may be rigidly demonstmied bj using the polar equation 
to the parabola. 

49. YolnineB of WddgMhaped Solids.— The Tolnmee of 
solids of a wedge fornix such as PW^T (fig. 3, Plate Y.), 
bounded hj a enrved sorfiEUie PWW-^P^ and two planes 
PWST and F^W^ST meeting at a straight edge ST; and 
haying otobs aeotiQiis snch as WSW-^^ may be found in the 
following manner: — ^Divide the angle WSW-t between the 
bounding planes into an even number of equal intervals by 
an odd number of radiating planes which meet at the line 
STy as shown by p^w^JST, p^w^ST^ etc. Divide the line 
ST into an even number of equal divisions, and through 
these points of division draw planes, such as RR^U, perpen- 
dicular to the bounding planes, and to the line ST The 
intersections of these perpendicular planes With the radiating 
planes will give ordinates which are to be treated as follows: — • 
Find the half squares of the ordinates for each plane FWST, 
p^w^STf etc., and treat them as the ordinates of a new curves 
the area of ivhich find by Simpson* s Rule in the ordinary 
way. (As will be seen, the ordinates for the plane PyW^ST 

are W-^S, R^U, F^T; their half squares being J^, 

and — ^^'^ ^ areas* thua found in the same 

manner as the half squares were treated in Art. 47, and the 
result unll be the volume (f the loedge. Thus if A^, A^j A^^ 
A^, and A^^ are tlie areas found for the planes by using th© 
half squares of their ordinates, then 

is the volume of the wedge. 

As an illustration of the practical application of the rule : 
suppose 50, 55, 62, 71, and 82, to be the areas found by 
tuiing ordinates equal to the half squares of the actual ordi- 
nates of the planes FWST, p^^ST^p^^T^ eta, respectively, 
then to find the volume. 

* It may be noticed in passinf? that these areas are equivalent 
to the moments oi the respective radiating planes about the 
axis /ST. 
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• 

Namber of 
jriaoa. 


Area by using 
ordfi 

"T" 


Simpson's 
Multipliers. 


Fuuctions. 

* 


1 


50 


1 


50 


2 


55 


4 


220 


3 


62 


2 


124 


4 


71 


4 


284 


5 


82 


1 


82 



7eo 

circukrmemiye of ^ 02908 
3 ■"221 

=vbliime of irodge^ 



60 Moments of Wedge-shaped Solids. — The moment of 

a wedge-shaped solid, such as is shown by li^. 3, Plate V., 
may be found with regard — 

1. To a transverse sectional plane, such as WSWy 
* 2. To a longitudinal plane AC, through its eilge, and 
perpendicular to one of the radiating jdanes PjlViii2\ 

3. To a longitudinal radiating plane I\H\ST. 

In the fii'st case, the areas of the transvei .se sections, such 
as W]\\S\ RU^U, PP^T, have to be calculated ]>y the rule 
given in Art. 47, and these aretus and the whole volume of 
the wedge treated in the manner described in Art. 34. 

In the second case: Divide the solid in the manner do- 
scribed in Art. 49 when determining its volume. Treat 
each of the longitudinal sections P WST, jj^w^ST, p^^o.^^^T, as 
follows: — Measure its ordinates (as W-^S, RJI, PiT), and com- 
pute the third parts of their cubes; treat those quantities as 
the ordinates of a rievj curve, and fold its urea, llieri umltiplij 
each area by tJce cosine* of the angle made by the plane to u'hich 
the area corresponds ivith the plaiie that is perpendicular to the 
one about which moments are taken; ami by the multiplier 
corresponding to its position, according to JSimjJSons Pule. 
Add togeUier these j^roducts, and midtiply their sum by one- 
third of the common angular interval in circular measure; 
the result will he the moment required. In fig. 3, Plate V., 

W^ST is " the plane perpendicular to the one about which 
BiomentB are taken; AC being the latter. The cosines used 

* Chambers' TaSbki of LogarUhmg, etc., contains a taUe of the 
▼aluea of the ainea, cosines, and tangents of angles. 
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in this case are those of the angles WSWif w^iSfFp w^W^, 
w^SJV^j and zero. 

In the third case, proceed as in the second case, multiply^ 
iiig by tli£ sines of the angles instead of the cosines. 

51. Explanation of the Preceding.— The proof of the first 
case has already beeu gone into in an analagous question* 
(See Art 34.) 

With regard to tlic second case, consider an elementary 
wedge Pw^ST containing an indefinitely small angle cZ0, and 
of an indefinitely small thickness dx. Let the whole angle 
WSW^ be 6; also, let WS=-r, then^ as stated in Art. 47, the 

r^di 2 
area W8w^^-^ , Now, its centre of gravity is distant gr 

from therefore the moment of this elementary area about 

2 r* 

gr cos 6x-^d6=. ^ cos td^* 

Hence the moment of the elementary wedge Fw^ST about 
and thus the moments of the whole wedge is 

J* cos 6dxdJ9 

The Algebraical expression for the moment of a solid 
measured rectangularly, about the plane J. (7, is 

f f xydydz. 

If we compare tbls espressLon with the rule given in Art. 
34 for tiie moment of a solid about a plane, the reason finr the 
rule given for the second case in the preceding article will be 
apparent. 

The expression for the third case is 

//I'sinlttoW. 
We do not purpose giving an example of the practical 
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application of these rules at present, as in the next chapter we 
shall have occasion to make frequent reference to them in 
consequence of their great importance in calculating the 
stability of a ship. 

62. Moments of Inertia. — As the movients of inertia of 
plane figures and solid bodies are frequently required in 
solving the problems of stability and strength of ships, we 
purpose devoting a small space to the consideration of the 
modes of obtaining their value for some of the elementary 
forms which occur in our investigation. 

As in the case of simple moments, when considering the 
moment of inertia of a plane, it is supposed to be a uniformly 
weighted surface, or a thin sheet of some heavy material; 
also, solids are supposed to be homogeneous. In other words, 
the geometrical moments of inertia are refeiTcd io. 

1. If the mass of every particle of a material system bo 
multiplied by the square of its distance from a straight line, 
the sum of the products so formed is called the moment of 
inertia of the system about that line. 

2. If Mhe the mass of a system, and JTbe such a quantity 
that MK^ is its moment of inertia about a given straight 
line, then K is called the radius of gyi^ation of the system 
about that line. 

3. If two straight lines Ox^ Oy, be taken as axes, and if 
the mass of every particle of the system be multiplied by its 
two co-ordinates x, y, the sum of the products is called the 
jrrodtcct of inertia of the system about these two axes. 

4. The moment of inertia of a body or system of bodies 
about any axis is equal to the moment of inertia about a 
parallel axis, through the centre of gravity, plus the moment 
of inertia of the whole mass collected at the centre of gravity 
about the original axis. 

5. The product of inertia about any two axes is equal to 
the product of inertia about two parallel axes through the 
centre of gravity, plus the product of inertia of the whole 
mass collected at the centre of gravity about the original axis.* 

•These five statements which are here given as definitions (although 
only the first three are strictly such) are taken from RoutKs BigUl 
Dynamics. 
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53. Moments of Inertia of Certain Figures 
ing are values of the geometrical moments 
several figures about tke axis mentioned: — 

1.) A Rectanqle abont an axis In its plane, ^ 
through its centre of gravity and parallel 
to the shorter si<le — 

Length of longer side = h 
liength of ahwier BidB=6 
Area of rectaDgld=^=&A. 

(2.) A Rectangle abont an axia in its plane, 
through its centre of gravity, and panUel 

to the longer side — 

Dimensions as before. 

(3.) A Square about an axis in its plane, through 
its centre of gravity and parallel to either 
Bide — 

Side of square = A 
Area=^=^*. 

{L) A Cirde about a diaineter— 
]>ianieter=A 

4 * 

(5.) ^niPffliwe about its longer 

Longer axis = A 

Shorter axis = 6 

. . vbh 
Area=^=-^. 

(6w) An ElUpse about its shorter 
Dimensions as before, 

(7.) Sphere about a diameter^ 
Diameter = A 

Volttme=F=girA«. 

(8.) An Ellipsoid about an axis— 

The axes being b, It, and I, 

Volame= V=^wbhi. 

The result is given abont the axis h. 
The others may be obtained by observing ) 
the synumetiy of the expression. { 

(9.) A (Me abont any axis tiiroagh its centre 

of gravity- 
Side of cube h 
Volume = F=/t^ 
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54. Specimen Investigations. — ThQ deteriniuatioii of these 



4 










r 
• 
1 
1 











Fig. 10. 



moments of inei-tia involves a 
knowledge of the integral cal- 
culus, and, as the subject is an 
extensive one, we have omitted 
the solutions of the problems 
and merely given the results. 

(1.) As a specimen investiga- 
tion, we will, however, show how 
the moment of inertia of a rect- 
angle is obtained, about an axis 
in its plane passing through its 
centre of gravityyand paxallel to either of its sides. (See fig. 10.) 

liOt A=the longer side. 
6 = the shorter ^'ide. 
„ u;=the weight of a unit of areft. 

yJ2^ ^ the axis about which the moment of inertia is found. 

Uonsider a small strip of the rectangle parallel to yi^x 
whose breadth is infinitely smally or dos, and let a^sthe dia* 
taooe of ihia atrip from the azi& 

Then the av«a of the strip ia bdx, 

and its weight =K76aa;. 
Its moment of inertia =ii;6a;'c2as^ 

and the moment of inertia of the half of the rectangle on one 
fade ciy^y J 

and integrated between the limits this becomes 

wbh* 

Hence the moment of inertia of both sides of the rectangle 
about the axis is 

12 

Neglecting w, as we merely require the geometiical moment 
of inertia^ we haye 

M. of I. of rectangles -jg, 

which is the result already given, 
4b 
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(2.) Hereafter we sliall liavc frequent occasion to use tho 
moment of inertia of a jilane figure, bounded by a curve and 
straight line, about that straiglit line. The following method 
is employed iu determining it: — 




Fig. 11. 

Let ABC (fig. 11) bo such a figure, represented in practice 
by a half-load water plane, AO being the middle line. Ac- 
quired, the geometrical moment of inertia of the area ABC 
fibout the axis AC. 

Consider an infinitesimal element of the area, whose lengtli 
is di/, and breadth dx^ the element being distant y from AC. 

The area of tliis element is dxdy. 
It moment of inertia is y^dxdy, 

aud the moment of inertia of the whole area ABO =3 

' Tlie second integration is peiformed by the aid of Simpson's 
Rule, by taking the culjes of the ordinates of the curve and 
treating them as the ordinates of a new curve j one-third the 
area of this curve is the geometrical moment of inertia of the 
area ABC, about the axis AC; or, multiplying by two for 
both sides, two-thirds the area is the moment of inertia of the 
whole water plane about AC. 

65. Co-efficients of Fineness. — If there are two veaaels of 
aimilar form, but of difiiBrent dimenaiongy ao that efveiy ordi- 
nate of every water plane or transverse section in one of them 
bears a uniform proportion to the oorreflponding ordinate in 
the coiTesponding water plane or traiksverse section of 
otheTi then it is evj4oii( that the displacement^ of these TWielil 



CO-EFFICIENT OF FINENESS OF. DISPLACEMENT. 



63 



are to each oilier in the ratio of the products of their lengths, 
breadths, and drauglits of vater; that is, of the rectangular 
solids or parallclopipedons circumscribiDg their immersed 
bodies. Hence if the displaoement of a Tessel is found to be 
some fractiQU of that of the dioumscribing parallelopipedon, 
the displacement of any other vessel of similar form, but of 
different dimensions, may be found by multiplying the product 
of her lengthy breadth, and draught of water by that fraction. 
The fraction referred to is termed the eo-^eieni o/Jinenm of 
displacement, 

Bimilarly, the ratio between the area of a water plane or 
transverse section to that of the circumscribing reotengle is 
termed the oo-efficient of fineness of the water plane or ^ns- 
verse section in question. Hence^ having found the value 
of this co-efficient, for any water plane or transverse section 
in <me vessel, the area of the corresponding water plane or 
transverse section in another vessel of similar form is found 
by multiplying the product of the principal dimensions of the 
plane or section by the co-efficient. 

The oo^cients of area usually employed are those of the 
midship section and load water pkna 

Oo-oBeieiit of Ffneness of Displacemeiit— The value of 
this co^cifint is a very good criterion of the fineness of the 
immersed body, even in comparing vessels having ali^tly 
different ratios of length, breadth, and draught of water. Also, 
in tiie preliminaiy stages of adesign when it is decided what 
degree of fineness shall be given to the vessel with a view of 
obtaining a certain speed; by knowing the oo-effidents of 
<8tiAttiMw of other vessels of about the same size, which have 
atta^oed the required speed with about the same propelling 
power as it is contemplated employing, we are enabled to deter- 
mine at once, with a tolerable degree of accuracy, what dis- 
plaoement is available with the proposed length, breadth, and 
draught of water. It should be remarked that the mean 
draught of water is always employed, also the length and 
breadth at the load water line.* 

* Strictly speaking, when the ship 13 not floating at an even keel, 
it is incorrect to say "circumscribing parallelopipcdon we sliould 
rather say " a solid o£ the samo ien^h, breadth, aud mean depth as 
the displaced body." 
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The value of this co-efficient generally ranges from '5 to '7, 

a common value being about '6. 

56. Co-efficient of Fineness of Water Lines. — The co- 
efficient for the load water line is most commonly required, 
being the ratio of the area of the load water plane to that of 
its circumscribing rectangle. Its value commonly ranges fix>in 
•7 to -8. 

The co-efficient of fineness of any other water line is also 
the ratio of its area to that of its circumscribing rectangle, 
the value of the co-efficient diminishing as the water lines aro 
farther from the load water line. 

57. Co-efficient of Fineness of Midship Section.— This 
affiaixis a more valuable criterion of the speed which will ]n o- 
bably be obtained with a certain propelling power than does 
that of the load water line. More will be said on this subject 
in Pai-t IV. Its value usually varies between -6 and '9; a 
common value being -8. 

68. Mean Co-efficient of Fineness of Water Lines. — The 

mean co-efficient of fineness of all the water lines of a ship is 
obtained as follows: — Multiply the gimtest immersed area of 
midship section by the length of the load water line, and 
divide the displacement by the product. 

The CO efficient of fineness of the displacement is equal to 
the product of tlie co-efficient of fineness of the midship sec- 
tion, multiplied by the mean co-efficient of fineness of tho 
water lines. 

By consulting the following table it will be seen that the 
co-efficient of fineness of displacement is generally greatest in 
vessels having the greatest ratio of length to breadth, even 
although the latter have bodies better adapted for high speed, 
this being due to the greater length of midship body in such 
vessels. In the same way, the co-efficients of fineness of the 
water lines of long vessels having very fine bows and sterns 
sometimes exceeds those of much bluffer but shorter vessels. 
The small co-efficient for the midship sections of the wooden 
vessels is due to the very rising floor which they have — the 
midship sections of modem war and merchant steam-ships 
being usually much flatter and fuller in this respect, in 
order to carry the engines low, and obtain greater displace- 
ment. 
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59. TABLE OF CO-EFFICIENTS OF FINENESS. 
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Pacific S. N. Co. . 


390*0 
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CHAPTER U. 
THE M£IAQ£NTB£ AND SUEFAGE STABILITY. 

The Metacentre — Transverse Metaceutre — Surface Stability — ^Plxcd 
Metacentre — To obtain Position of Transverse Metacentre— 
Metacentoie Snirfaoe Stability— Oalonlttkioii for Tramverse Meta- 
centre Explained — More Exact Calculations of Surface Stability 

— Intersections of Water Planes — Method of Measurement- 
Specimen Calculation — Dj^namical Stability — Dynamical Surface 
Stability— Specimen Calculation — Surface of Flotation — Centre 
of Flotation — Ajob of Levol Motion — Oarre of 60078007-— Svr- 
facc of Buoyancy — ^Metacentric — Longitudinal Metacentre— 
Calculation for Ijougitudinal Metacentre Explained — Longi- 
tudinal Metacentric Surface Stability — Comparative Surface 
Stabilities of Different Vessels. 

60. The Metacentra — If a yessel, floating upright in still 
water, be inclined, the centre of buoyancy will evidently 
move in the same direction as that in wldch the ship is 
heeled. Supposing the angle of inclination to be indefinitely 
small, then tlie point where the vertical, drawn through the 
centre of buoyancy in the inclined position, intersects that 
drawn through the centre of buoyancj when the ship is up- 
right, is termed the metacenire. When the ship is inclined 
transversely the point is termed the " transverse metacenireP 
and when inclined longitudinally, it is styled the ^^longUudirud 
metacerUreJ* The tenn mefaembre is usually employed when 
referring to the transverse metacentre; but when the longi- 
tudinal metacentre is referred to, the latter name is invari- 
ably used. 

6l Transvene HetaoentMi— The name metacentre was 
first given to the point by Boguer, a SVenoh mathematician 
and writer on Kaval Architecture. AKliou|^ strictly 
speaking, the term is only applicable when the anji^le A 
indinatian is indefinitely small, yet it has now obtamed a 
wider meaning, being often used to denote the point of 
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intersection at any finite angle of heel. As we shall pre- 
sently show, it is only in the case of bodies of a certain 
special form that the jtosition of the intersection remains 
fixed for all inclinations. In ordinary ships the point is 
practically fixed up to about 15 degrees, and for some 
i-anges beyond that angle the intersections in well-formed 
ships are always liiglier. In the following pages, the 
term " metacentre " will refer to the intersection at an in- 
definitely small angle of heel, being the limiting position to 
which the intersection continually comes closer and closer as 
the angle of heel is indefinitely diminished. By the term 
fixed metacentre " 'wall be meant tlie point of intersection 
when it is fixed, or assumed to be fixed, for difterent angles 
of heel. "When the point is not supposed to be fixed, but is 
considered (as it usually does), to vary in position for difier- 
ent inclinations^ then the point will be termed the shifting 
metacentre** 

We will now consider the influence of the position of the 
metacenti-e upon the stability of the ship. Fig. 1, Plate 
XIII., represents a transverse section of a ship at amidships, 
WL being the load water line, and B the centre of buoyancy 
when the ship is upright; W^L^ is the load water line when 
the ship is inclined through a certain angle. For the present, 
we will consider the angle as being of apj)reciable magnitude. 
It will be observed that the intersection aS' of these two lines 
is not at the middle line of the ship, but at the side of it, 
towards which the ship is inclined;* the mode of obtaining 
the position of this point S will be a subject for future con- 
sideration. When the sliip is inclined, a portion of the 
section, viz., LSL^, becomes immersed, while another portion 
of the section, viz., WSW-^y emerges from the water. These 
areas LSL^ and WSW-^ are transverse sections of two wedge- 
shaped portions of the ship's body, which ai-e named respec- 
tively the " wedges of immersiuii and emersion^* and some- 
times the " in ami out." Since the displacement of the ship 
remains the same however she may be inclined^ the volumes 
of these wedges are consequently equal. 

As the alteration in the form of the immei'sed portion of 

* This is the usual poaitioii of the point S in ordinitty ahipfl when 
inclined at moderate angleflb 
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the body is due to the transference of tbe volume contained 
by the wedge WSW^ to the other side of the ship in the form 
of the wed<:;e LSL^^ it consequently follows that the alteration 
in the position of the centre of buoyancy will also be due to 
the shifting of these volumes. Let E and / be the centres 
of buoyancy of the wedges of emersion and immersion, 
ies})ectively; and join EI, Through B draw BB^ parallel 
to EI^, then the new position of the centre of buoyancy will 
bo somewhere in the line BB^ 

Let V = the known volume of either wedge, 
and D = the volume of the whole displacement. 

Then by a simple rule of statics, 

V>(£I=Dxas^ 

where 0 is the distance of the new centre of buoyancy from 
B along BB^^ 

Vx EI 

Wherefore »= — g—. 

Hence if a distance BB^ be set off equal to then B^ is the 
centre of buoyancy in the inclined position. 

Through i9« draw ^^Jf perpendicular to W-J/y^ intersecting 
BM at the point then if the angle BMB^w indefinitely 
small, M is the metocentre; if the angle is less than about 
15 d^greesy the point if is a good approximation to the 
metaoentre, but m eveiy case when the inclination is some 
finite angle the point If will have a different position for 
each angle, and be termed a shifting metaoentre. 

Through B draw B/f perpendicular to B^M, and through 
E and / draw BJI and I£ perpendiculars to the new water 
line W^L^. Now suppose the centre of gravity of the weight 
of the ship and her contents to be at the point B, this weight, 
now that the ship is indinedi will act downwards in the 
direction BO, perpendicular to IF^/^^ ; hence there are in this 
case two forces, constituting a couple, acting upon the ship, 
▼iz., her weight (which is equal to the disj^acement), down- 
ward through B, and the upward pressure of the water ^also 
equal to the disx)lacement), through By This couple— which 
evidently tends to "right" the ship, or restore her to the 
upright position— is equal to 

DxBN. 
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If the centre of gravity of the ship is Lclow the point B, the 
** righting moment" Avill evidently be greater than D x By, 
and if the centre of gravity is above the point B^ the right- 
ing moment is less. The latter becomes continually less 
until the centre of gravity coincides with J/, when it is zero; 
while, if above J/, the conple is a negative or upsetting one. 
These statements are made at this stage in order to show tho 
importance of the point M. 

62. Surface Stability. — By surface stability is meant that 
tendency of a vessel, when inclined, to return to the upright 
position, which is due to her form, irrespective of the influence 
due to her centre of gravity not coinciding with the centre 
of buoyancy. For instance, referring to fig. 1, Plate XIII. , 
the moment of surface stability at the inclination shown ia 
equal to 

DxBN, orDxBMrinBMBi (1) 

"When the centre of gravity coincides with By this is the 
whole moment of stability at that inclination; but if tho 
centre of gravity is below B, then the whole moment of 
stability is in excess of the surface stability, and if above, 
then it is less. 

Since BxBBisVxEI 

BxBN =VxHK, (2) 

whence T%HK is another expression for the moment of 
surface stability at that inclination. 

63. Fixed Metacentre.— It was stated at Art 61, that it 
18 only in the case of bodies of a certain form that the inter- 
sections, given by different angles of heel, coincide with the 
metaoentre itself, the point M being in that case termed the 
fixed metacentre. It will be readily seen that the case re- 
ferred to is that of a body with circular cross sections having 
their centres in one longitudinal axis. We will now show 
how to obtain the Tslue of BM in such a case. 

Fig. 2, Plate XIII., represents any cross section of a vessel, 
such that in the vicinity id the water line, and throughout 
^ the whole of the angle of heel considered, the curvature is 
that of a circle described about the point 0. We will first 
show how to obtain the moment of surface stability for a foot 
in length of such a ship, from which we will deduce the value 
of BM. In this figure, WL and W^L^ are tiie upright and 
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indmed load water lines, as before. In the act of heeling 
the vedge WSWi is taken from, and the equal wedge LJSL^^ 
is added to the displaoement^ Now as only that portion of 
the cross section which is drcnlar emerges from or is im- 
mersed in the water up to the extent of heel contemplated 
by us, we may neglect for the present all that portion of the 
displacement in the foot of length which is not contained 
within the cylindrical surface WWiPQLL^y and consider the 
operation of heeling as equiyalent to that of substitating 
the segment W^QL^ for the equal segment WPL» Hence 
the required moment of surface stability is equal to the 
difference between the moments of the equal segments WPL 
and WiQLit relatively to the longitudinal plane passing 
through OQf the latter being perpendicular to the inclined 
water line. But the moment of the segment W-^QL^ about 
that plane is zero, and the moment of the segment WPL is 

•|(AW)»xBinPOQ, (3) 

which result is expressed thus: — 

L The moment of surface stability per foot of length is 
egwd to ivxhUdrds the cube of the half "breadth multiplied by 
Me sine of the angle of heel. 

From this we proceed to determine the surface stability of 
the whole vessel by remembering that it is composed of the 
Burfiuse stabilities of all the vertical layers, such as we have 
been considering. By the application of Simpson's Bule wo 
have the following:— 

II. Divide the length qf the load water line into a convenient 

number of intervals, and measure the half -breadths ; treat tlie 

cubes of those half-breadths as if they were the ordinates of a 

new curve, two-thirds the area of that curve multiplied by the 

sine of the tmgle of heel toill give ^ surface stcU>iiity* 

Let A = area of curve so obtained^ 
^= angle of heel, 
then 4 A sin moment of surface stability. 
But D X BM Bin #s moment of Biu£Mse etalnlity, 
,\ f A8ml=DxBMsin#9 

andBM=^^, 

which result is expressed thus: — 
IIL Tm4hvrds qf Hie area qf the ahove curce, divided by 
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tfie volume of displacemmitj is equal to the heifjht of tJiC Jixed 
transverse metacentre above the centre of buoyanci/. 
In Algebraical language, 

The moments oompated by I. and IL are expressed in 
cubic feet of sea water, at a leverage of one foot; divided hj 
35 they are reduced to foot^tons. 

Kow, it baj)pens that two-tiiirds of the area, whose ordi- 
nates are the cubes of the ordinates of the half water plane, 
is the geometrieal moment of mvrtna'^ of that water plane about 
its middle line; hence Bide IIL may be expressed thus: — 

lY. LMSa the moment of inerHa of the load water plane 
by the volume of the di^Musement, the quotient will be the 
lieight of (he fixed tranioerse metacentre above the centre of 
buoyancy. 

M. To oUain the Position of Traasverse Metaeentrfr — 

In the preceding investigation the ship has been assumed to 
have circular tomsverse sections throughout the extent of 
the inclination, and from this an expression has been found 
for the height of the fixed transverse metacentre. 

We now purpose showing that the same expressions and 
rules are also true for the height of the actual transverse 
metacentre above the centre of buoyancy, the conditions in 
this case being, of comnBe, an ordinary form of vessel and an 
indefinitely small angle of heel. 

In this case, the Ime denoted by the point 8 (fig. 1, Plate 
Xin.) continually approaches the longitudinal axis A of the 
upright water plane. The transverse sections WSW-^ and 
L8L^ i3i the wedges of emersion and immersion continually 
approadi closer and closer to an equality with a triangle 
whose base is AW; whose height ibAW, multiplied by Sie 
sine of the ft^o ^ inclination, and consequently whose area 

is equal to ~~2~~i multiplied by that slue. The sum of the mo- 
ments of these sections approximate closer and doser to 
double the mom^t of the said triangle, relatively to the 

* See Art. 54. 
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verticiii plane through J/Oj/ which double moment is equal 
to the area of the triangle, multiplied hy ^ AW, or equal to 
I A JF'-^j multiplied by the sine of the angle of heel, which is 
the expression (3) on page 90. From this we obtain Rules 
II. and III. (Art. G3), in the manner already stated, only 
that in Kulc III. the woi-d "fixed" may be omitted, as the 
expression is now seen to be true for the height of the true 
nu'tuicL'iitrc above the centre of buoyancy. 

The result just obtained being true for a vessel of any form 
at an indefinitely small angle of heel, we will now consider 
in which direction error occurs when the height of metacentre 
so found is used as the height of the shifting metacentre for 
any finite inclination of inconsiderable amplitTude. If the 
convexity of the curvature of the cross sections in the vicinity 
of the load water line is greater than that giving a fixed 
metacentre, as shown hj ab, fig. 2, Plate XIII,| the actual 
wedges of immersioii and emenioa will be amallar than the 
assomed wedges, and therefore the moment of sulfide stability 
as expressed bj Bule IL, Art 63, is less than the assumed 
moment; consequently, the actual posilion of the shifting 
metaoen^ is bdow the approximate position. This error is 
on the xmsafe side, and wiU not occur in a skilf ullj designed 
vessel. 

On the contrary, if the oonyexily is flatter (as shown by 
aj)^j fig. 2, Plate XIII.) the actual wedges are larger than 
the assumed wedges, and therefore the actual moment of 
surface stability is greater than the assumed moment, thus 
causing the true position of the shifting metacentre to be 
above the approximate position. This error is on the safe 
side, and usually occurs in a well designed vesseL 

65. Metacentrio Bnr&ee Stability.— When the sur&ce 
stability is calculated by means of the height of metacentre 
above centre of buoyancy, it is useful merely as affording a 
comparison of the surfiuse stability of the ship with others of 
the same type whose qualities are known. For being true 
only for an infinitely small inclination, or at the Ibrthest to 
the extent of 10 or 15 d^rees, it furnishes us with no idea 
of the surface stability of Uie ship beyond that range, which 
stability, by reason of singularity in the vessel's form, may 
soon attain a maximumi and rapidly disappear. The result 
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obtained by its use is termed the initial surface stability, and 
the mode of obtaining it is temied the metacentric method. 

66. Transverse Metacentre Calculation Explained. — We 
will now show how the result of the preceding investigation 
is applied in actual practice to obtain the height of metacentre 
above centre of buoyancy. Referring to tlie specimen calcuhi- 
tion shown in Table I.: upon the right hand side of the 
sheet will be seen a number of columns of figures headed 
" Metacentres." The first three columns merely repeat the 
numbers of ordinateSy Simj)soiiS multipliers^ and the ordinates 
of the load water line, which are found in the adjacent calcula- 
tion of displacement. The next two columns have the word 
Transverse," at their head, and it is to these we now wish 
to call attention. The first of these contains the cubes of the 
ordinates of the water line, and it may here be remarked that 
these cubes can be readily found by reference to Barlow's 
Tables, which, together with Chambers' Logarithms, should 
be in the possession of every naval architect. The next 
column, headed " Functions of Cubes," are the products of 
the cubes of the ordinates and their respective Simpson's 
multipliers, these being obtained in order that we may deter- 
mine the area of the curve whose ordinates are the cubes of 
the ordinates of the load water line. The sum of these 

14'1 

functions multiplied by -j- = 4*7, or one-third the common 

interval between the ordinates, gives 25 79 54 '8, which is the 
area of the curve just referred to. This area being again 
multiplied by |- gives the moment of inertia of the load 
water plane, which, being divided by the total displacement, 
expressed in cubic feet, results in 7*92 feet, the height of the 
transverse metacentre above the centre of buoyancy. 

Tlie centre of buoyancy having been already found to bo 
3 '95 feet below the load water line, therefore the transverse 
metacentre is 7-92 ft. - 3-95 ft. = 3-97 ft. above the load water 
line. This quantity, if multiplied by 620 tons — the displace- 
ment — and again by the sine of the angle of heel, will give 
the metacentric surface stability at tliat angle of inclination. 
In a vessel of ordinary form, this will practically agree with 
the true sui-face stability, as calculated in the manner to bo 
explained hereafter, if the angle is within about ] 5 degrees. 
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67. More Exact Calculations of Surface Stability. — The 

. method of calculating the surfiice stability by means of the 
height of metacentve above centre of buoyancy is due to 
Boguer, and was considered for some considera))le time to be 
sufficient for the purpose of the Naval Architect. Attwood, 
however, showed that the method was incorrect for large 
inclinations, and gave a formula for determining the surface 
stability at all angles, which formula has been put into a con- 
venient form for calculation by Mr. F. K. Barnes^ and still 
remains in use. 

By the method wo are now about to explain, the value 
Fx IIK (i.e.j the moment of the wedges of immersion and 
emersion about the plane represented by the line MB-^) is 
calculated, and then, if required, the length of BM at that 
angle may be readily found by dividing the result by the 
product of the displacement and the sine of the angle of 
heel. The rule may be stated thus : — Divide the mome^U of 
the loedges of immersion and emersion hy the displaceni&iU 
and the sine of tJte angle of heel, the quotient will be the height 
of tlie shifting metacentre above the centre of buoyancy. 

It will thus be seen that D x BN represents the surface 
statical stability in both the metacentric and Attwood's 
methods, the difference between them being that whereas in 
the former M is considered a fixed point, by the latter method 
the point M varies Avith every different inclination, its posi- 
tion being governed by the moment of the wedges. 

Since BxBNsVxHK 

BN' is styled the lever of surface statical stability; being 
the arm of the righting couple at the inclination in question, 
the position of the centre of gi*avity being assumed to coin- 
cide with B (see Art. 62). 

68. Intersections of Water Planes. — In fig. 1, Plate XIII. 
the intersection S of the inclined with the upright load water 
planes is shown on the right of the middle line plane repre- 
sented by the line BM, or towards the immersed side of the 
vessel. That is the direction in which it is found in ordi- 
nary well-formed ships at modemte angles of hool The 
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determinaldoiL of the ezact poeition of tHe axis, represented 
by is evidently a work of some diffionlty, as it must be so 
situated on the line WL that the volume of the wedge WJSWi 
shall be equal to that of the wedge LSL^; this bemg so in 
order that the displaoem^t n&ay remain unaltered 

In practice, especially when calculating the stability at a 
great many different angles of heel, it is not found desiraUe 
to obtain any trial position, such as « in fig. 1, Plate XIV., 
but to draw all the lines representing the indined water 
planes through the point A, ^e necessary corrections being 
made in the calculation. SHiould it, however, be desired to 
determine the position of 9, an approximate position for tho 
intersection is first diosen (see fig. 1, Plate XIY.), the geneitil 
practioe being to take As = 02 foot x degrees in an^e of heel. 
A line WjSli is then drawn through that point, at the required 
inclination; this will cut off a pair of trial wedges Wswi and 
IjsLf whose contents, it may be remarked, have to be cal- 
culated as a necessary part of the process in determining tlie 
statical surface stability. (See preceding Art.) If the 
-volumes of these wedges prove to be unequal, then a correc- 
tion must be made as follows: — 

If the trial wedge of immersion is the greater, then the 
assumed position of w^sl^ is too high. 

If the trial wedge of emersion is the greater, then tho 
assumed position is too low. 

The perpendicular distance H of the corrected position 
from the assumed position is 

Difference of volumes of wedges 
Area of inclined water section 

The denominator of this fraction is easily found when calcu- 
lating the moment of the wedges, as will bo seen presently. 
If iS^ is the true position of the intersection, 



sin angle of heel* 

69. Method of Measurement. — Fig. 2, Plate XIV., shows 
the body plan of a vessel, /iPZ being the load water line in 
the upright position; it is required to find the moment of 
surface stabilily when the vessel is inclined through an 



Digitized by 



96 



IIIEOfiEIICAL NAVAL AftOHITECIUaE. 



angle LS^L^^ so that IV^L^ is then the load water line. We 
will suppose the trial distance of the point of intersection of 
the water line to be already set ofi' from on each side, at 

and ^S'.,, then the intersections of S^L and S^L^ with the 
vertical sections give the ordinates of the bounding planes of 
the fore body portion of the wedge of immersion (measuring 
from >*^'^), and the intersections of S.^W 2in& 'S'JFj with the 
vertical sections gi\'e the ordinates of the after body portion 
of the same wedge (measuring from S,^. Similarly, the 
intereections of S^L and S.^L^ give the ordinates of the fore 
body portion of the wedge of emersion (measuring from A'.,), 
and those of W and those of the after body portion 

of that wedge (measuring from S^. The trace lo^l^ of an 
intermediate sectional plane, bisecting the angle LS^L^ is 
shown; angles not exceeding 20 degrees will not usually 
require more than one such intermediate section. In the 
next chapter we sliall consider a case where a considerable 
number of intermediate sectional planes are required. 

We have thus six sets of ordinates to be measured, viz., 
three to each wedge. Upon each of these six sets the follow- 
ing operations are performed. (See Arts. 47 to 51.) 

1. Treat their half squares as the ordinates of a new 
curve, and find its area by Simpson's First Rule. Let the 
results of this operation be termed, A^^ A^^ A^^ for the wedge 
of immersion, and A^ Aq, for the wedge of emersion. 
Then, 

Volume of wedge of uDmenion=(A, +iA. + A.) x ^^^^^^j"^"^^ 
Volume of wedge of emersion = (A^ +A«) x 

If these Yolumes are unequal, their difference, divided by 
the area of the inclined water plane, gives the thickness st 
(fig. 1., Plate XIY.) of the layer between the assumed and 
the true podtioxui of the inclhied water plane. The area of 
the indined water plane is found by the method stated in 
Arts. 15 and 41; observing, howerer^ that the plane oonsists 
an general of two unequal portions^ one on eadh side of the 
loogitadinal axis. 

2. Multiply each of the before-mentioned half squares by 
the longitudinal distance of the ordinate &om the foremost 
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cross section; treat the products aa the ordinates of a nev 
curve, and find its area. Let the results of this operation 
be termed B^, B3 for the wedge of immersion^ and 
B^ for the wedge of emersion, ^en the moments relatLvely 
to the foremost cross section — 

Of the wedge of immersion = (Bj + 4B j, + B x ^^'^^^^^^^^^ 

r\M MX. 1 M • /r> . >iT> . -D % angular interval 
Of the wedge of emer8ion=(B4 +4B6 +B^)x — ^ — ^ • 

The work will be much simplified if moments are taken 
about the midsliip cross section, treating the area on ono 
side (say forward) as positive, and the other as n^;ativej in 
this case B^, etc., will each be the difference between two 
areas, taking care to retain the proper Algebraical sign. (See 
Art. 25). 

With regard to the use of these results, when obtained, 
it is only necessary at present to state that if the moments 
of these wedges about any chosen section are unlike, it 
shows that their centres of gravity are not in the same cross 
section, and therefore that the centre of buoyancy of the ship 
is moTed forward or aft, aa the case may be, when the ship 
is inclined. Hence in this case transverse heeling is neces- 
sarily accompanied with longitudinal heeling also, or, in 
other words, with an alteration of trim, 

3. Treat the third part of the cubes of the ordinates aa 
the ordinates of a new curve, and find its area. Let the 
results of this operation be termed Cj, Cg, C3, for the wedge 
of immersion, and C^, C5, for the wedge of emersion. Then 
the moment of surface statical stability 

= {Os +Ce +4(C, +C5) cos I angle of heel 

. If* . n \ 1 fill angular interval 
+ ((Jj + C4) C08 angle of lieel j x — g . 

70. Specimen Calculation. — Table II. contains a calcula- 
tion of the moment of surface stability of a ship when in- 
clined at an angle of IG degrees; also of the pitching moment 
due to that inclination. Plate XV. shows the body plan of 
the same ship, the vertical sections of which are 29*5 feet 
apart, and the whole displacement 5970 tons. It will bo 
seen that half intervals are taken right foi'ward and aft, for 
4b q 
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wMbh ilie proper midtipliers. are shown, boUi aooording to 
Simpson's 1Mb and as required for leTerage. In this 
example no trial position of the inclined water phine has 
been found, but it is drawn so as to intersect the upright 
water plane at the middle line of the latter; tAds being the 
practice usually adopted as it is simpler, besides which equally 
correct results can be obtained when the correction for the 
layer'' is made. This " layer," it will be remembered, is the 
volume included between the inclined water plane, as drawn 
in the figure, and the plane in its correct position. 

The angle of indinatioh being small, only one intermediate 
jilano is drawn, so that the angles of tiie wedges are bisected. 
We have thus the upright^ irUermediate, and inclined water 
planes. The calculations referring to each of these is given 
imder its respective heading, each calculation being termed 
a **prdmMiary table;" the fourth set of calculations, which 
combines the results obtained in the prdinwiaafy tablea^ and, 
by the application of the several rules, determines the moment 
of surface stability, etc., is termed a combination table" 

Referring to the preliminary table for the " upright water 
plane," it will be seen that the several values il^, B^, 
^it ^4> mentioned in the preceding Article, may be at once 
determined by multiplying the sums of the functions of 
squares," and of the longitudinal moments" by ^ and then 
by ^ the common longitudinal interval, also the sums of the 
" functions of cubes " by J, and then by J the longitudinal 
interval. Similarly, the values of A g, B^i C^, A 5, B^y C5, may be 
found from the preliminary table for the " intermediate water 
plane," and those of -4,, ^3,^3, Aq^ B^y Cg, from the prelimi- 
nary table for the " inclined water plane." In practice, these 
multiplications are, however, performed afterwards on the 
"combination table." In consequence of the intersections 
of the planes being taken at the middle line of the upright 
water plane, the values of il^ and and J84, C4 

are sevemlly equal. 

It is unnecessary to explain the several columns of figures in 
the preliminary tables, as they at once follow from the direc- 
tions given in the preceding Article. Proceeding then to tlio 
combination table, we will notice first the calculation for tho 
volumes of the wedges^ whioh, if found unequal| will render 
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a corresponding correction necessary in the calculation for the 
moment of surface stability. The calculation shown for the 
difference of these volumes is evidently equivalent to the 
expression 



The result is found in ibis oaae to be 1736 onbic feet 

At the bottom of the combination table will be fomid a 
calculation for the true volume of a wedge, t,e,, approximately, 
half the sum of the two unequal wedges, or 



This is found to be 22,358 cubic feet, or 639 tons. 

In order to determine the correction which must be made 
in computing the moment of surface stability, in consequence 
of the inclined water plane being drawn above its true posi- 
tion (thus producing unequal wedges, as just sho^\ii), it is 
necessary that we should know the distance of the centre of 
gravity of the " layer " from the axis. It will be readily seen 
that the distance of the centre of gravity of the inclined water 
plane, as drawn from the point A, is also, approximately, 
the distance of the centre of gi\avity of the layer from that 
point; we will therefore now call attention to the calcula- 
tion on the combination table for the centre of gravity of 
the inclined water plane. We have, first, the functions of 
the ordinates of that plane copied from the preliminary table, 
added together and multiplied by one-third the longitudinal 
interval, thus giving the area of the inclined plane. Next, 
the difference of the sums of the functions of squai-es of the 
ordinates on the two sides, divided by two, gives the function 
of the resultant moment of the inclined plane about the axis 
through Ay and this, when multiplied by one-third tho 
common interval, gives the total resultant moment. Conse- 
quently, we have this moment divided by tho area, giving 
•887 ft., which is a close approximation to the distance of 
the centre of gravity of the layer from the axis. The volume 
of the layer, being the excess of one wedge over the other, is 
1736 cubic feet; hence the coiTection for surface statical sta- 
bility^ rendered necessary hj drawing the inclined water 



Aiigttlar interval 
3. 




Ai^;n1ftr interval 
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(At +iAa + A» + A4 +4Ac + Ae). 
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pkme iliKnigh A, as shown in Plate XY., is 1786 x 'SSTs 
1540 cabio feet, a;t a leverage of one foot Tlie use made of 
tiiis resuli will be seen preeentlj. 

We will now consider the main caleulationy -viz., ihat for 
the sar&oe siatieal stobility at 16 degrees. Befecring to that 
part of the combination table^ it wUl be at <mce seen that 
the operations performed are sneh as axe indicated by the 
.expression 

|c,+C«+4(C,+0,)eoi8*+(Oi+CJoosl6'' | 

It will be observed that the coiTection for the layer is 
deducted from tlie resvdt obtained by using the above expres- 
Bion. The rule for making this correction is as follows: — If 
the c(;iitre of gravity of the layer lies towards that side for 
which the assumed wedge is the greater, then deduct the 
correction; if it lies towards the opposite side, add the cor- 
rection. 

The dLsplacement of the vessel in this case is equal to 
209, 15G cubic feet; hence, after making the correction, the 
remainder is divided by that number, which gives 3*24:7 feet, 
the value of B.V (Cig. 1, Plate XIII.) when BMB^ is 16 
degrees. This x-esults from the formula stated at Art. 62 : 

DxBN=VxHK 

Fx EK being equal to 679,284 cubic feet, at a IcTerage of 
one footy and D being equal to 209,156 cubic feetb 

Since BM sin BMB^ =BN 

BM= - ^ 

sin BMB^ ~ sin 16 -2756 

BM = 11-78, 

a value which is very nearly the same as would be obtainea 
by the method given in Kule IL^ Art. 63^ the angle, viz., 16 
degrees, l)eing not very large. 

The actual moment of surface stability at this angle is 

D X BN or 6976 tons x 3*247 feet = 19,404 loot-tons. 

We will now examine the last result found in tiie coni- 
bination table, viz., the longitudinal positions of the centres 
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of gravity of the wedges. Here again the headings of the 
several cohimns will be readily seen to be in accordance with 
the expression given in the last Article for the moments of 
the wedges about the foremost vertical section, viz., for the 
wedge of immersioii — 

(B,+4B,+B,)xi|.' 

and for the wedge of emersion—- 

It will be obaerved, however, that the fiEu^tor is not 

1 J • X xi_ 'XT- longitudinal interval . , 
employed; as it is, together with — ^ $ required 

in determining theTolumes of the wedges; and, since tho 
moment must be divided by the volume, to determine the 
centre of gravity, the labour of multiplying would be super- 
fluous. (See calculation for centre of buoyancy, Table I.) 
Hence the sum of the products of longitudinal moments, 
divided by the sum of the products of the functions of 
squares, gives a quantity which, when multiplied by the 
common longitudinal interval, results in the distance of the 
centre of gravity of the wedge from the foremost cross section. 
This operation being performed for each of the wedges, gives 
a result showing that the centre of gravity of the wed^ of 
immmon is 4*7 feet abaft that of emersion. 

From this it is seen that heeling the ship to 16 degrees 
causes the centre of buoyancy of a volume of the displacement 
equal to that of one o£ the wedges to travel aft 4*7 feet, thus 
depressing the bow and raising the stem* The actual 
moment producing this effect is evidently the displacement 
of a wedge multiplied by 4'7 feet We have calculated tiie 
volames of the two assumed wedges at the bottom of the 
combinatioii table, and divided their sum by two, thus obtain- 
ing a dose approximation to tlutt of one <n the actual equal 
wedges — the result is 639 ton& 

Hence, 639 x 4*7 =: 3003 foot-tons, tihe pitching moment 
produced by heeling the ship traveraely tiirongh 16 degrees. 

71. Dynamical Stability. — ^An important advantage result* 
ing from the exact method of cslculating stability^ f»e., by 
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determinmg the actual volume of the transferred wedge at 
any given angle, is seen in the &ct that we are thereby 
enabled to calculate the dynxmn/iGal sktbUUy at that angle. 
By dynamical staUlUy is meant the meohamoal work wMoh 

is performed in forcing a vessel to heel over to a given angle. 
That work is performed partly in raising the vessel's centre 
of gravity and partly in depressing her centre of buoyancy. 
The latter of these effects is evidently due to the vessers form, 
and is, therefore, styled dynamical surface stability; it is this 
portion of the mechanical work that we have to consider in 
the present chapter. 

7^ Dynamical Surface Stability.— The depression of the 
centre of buoyaniy can be conveniently measured from the 
sur&ce of the water, which evidently remains in a constant 
position however the vessel may be inclined. Keferring to 
fig. 1, Plato XVI., it will be seen that the depression of the 
centre of buoyancy is A^B^-AB. Suppose the inclined 
water plane to pass through the point -4, as in Plate XV., 
in that case the depression is - A£, and therefore the 
true depression A^B^ - AB is equal to 

AaBj-AB-AaAi 

=A;N + KBi - AB- A^A, 
= NBi - AB (1 - cos BMBj ) - A, A, 
= NBi - AB versin BMB^ - A^Aj. 

But the dynamical surface stability is D (A^B^ - AB), which 
is thus equal to D {^B^ - AB versin BMB^ -A^^A^/ui which 
expression the value of D {NB^-A^A^ remaixis to be deter- 
mined. 

Now D X NB^ is equal to the difference in the moments, 
relative to the inclined water plane, of tlie displacement in iia 
ori^nal shape JVPL, and in its new shape W^PL-^; which 
difierence is equal to the arithmetical sum of the moments 
of the wedges of immersion and emersion relatively to tho 
inclined water plane TV-Jjy If E and / are tlie centres of 
buoyancy of the wedges, and Fthe volume of one of them, then 

DxNBi = V(EH+IK). 
Wc will now proceorl to show how the value of the right 
hand side of this equation is calculated for any specific case, 
80 that by dividing the result by i> the value of NB^ can 
be obtained. 
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In the third case considered in Arts. 50 and 51, it was 
shown how the moment of a wedge about one of its longl* 
tadinal radiating planes may be determined j the Algebnd^ 
expression for ^e same being 



By refen-ing to Art. 69, and fig. 2, Plate XIV., it will be 
seen that this expression, when put into the necessary form 
for the application of Simpson's Bule — ^using the nomencla- 
ture there explained — ^is equal to 

j 4(Ca + Oi) sin ^ angle of heel + (Cj + C^) sin angle of heel | x 



78. Specimen Oalcnlfttion.—- On Table IL will be found 
a specimen calculatbn of the dynamical sur&ce stability at 
an inclination of 1 6^ of the ship whose statical surtSuse stability 
at that angle has already been calculated. As wiU be seen, 
the inunediate purpose of this calculation is to find the -values 
of NBj^ and A^A^ (fig. 1, Plate XYI). The only difference 
between this <»lculation and that for statical snr&ce stability 
is in substituting the sines for the cosines of the inclination 
in the fifth column, and in obtaining the value of A^A^^ which 
is also required in order to make l£e correction for the layer. 
With regard to this correction, it will be seen that we have 
to find the moment of the layer about the inclined water plane; 
to do which, we must know its volume and the distance of 
its centre of gravity from the aforesaid plane. The volume 
(1827*8 cubic feet) has already been found, and the distance 

of its centre of gravity may be safely taken at one-half its 

A A 

thickness, or — 2~ * -^^^ thickness AjA^ is obtained by divid- 
ing the volume of the wedge by the area of the inclined water 
pluie (U,o90'7 square feet), the result giving -12 feet 
Hence, A^A^ is equal to '12 feet, and the xjorrection is '06 x 
1827*8 = 109*7 cubic feet, lifted one foot. This correction is 
deducted in every case. Having made the deduction, and 
divided by the displacement in cubic feet,' we obtain the value 
of NB^ s '45. The value of AB is obtained fx'om the ordinary 




angnlar interval 
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(lisplacemont sheet; in the present case it is 8*2 feet. -^^jA^ 
has been found to be *12 feet, and yersia 16 degrees is 0387. 

Honce, D(NB, - AB versin 16^ - A, A.) 
= 507(5 (-45- -317- -12) 

= 597Gx '02= 119*5 foot-tona of mechanical work, 

•which is the dynamical surface stability or the work performed, 
due to the vessel's form, in forcixig her over to an inclination 

of IG degrees. 

As will be seen hereaftor, the centre of gnwity is raiseil *! 
foot, thus making the whole mechanical work 5976 x -12 = 
717 foot-tons, which is the dynaviical stabih'f}/. AVe may hero 
remark that when the dynamical stability is calculated, and 
not the dynamical surface stahility, the depression of B and 
tlic elevation of the centre of gravity are not measured from 
the surface of the water, but the increase in the distance of 
the centre of gravity from over that from B is calculated 
in one operation. This will be explained more fully in the 
next cha])tf'i'. 

74. Surface of Flotation. — Suppose a vessel to be con- 
tinually inclined in every possible diiection between a direct 
transverse and a din^ct longitudinal inclination, so that succes- 
Bive load water planes or ])la7ies of jlotation make indefinitely 
small angles with each other when drawn upon the vessel's 
body and sheer plans, and suppose a curved surface to touch 
all these planes of flotation, so as to be an envelope of the 
l)lanes, then such a surface is called the surface of Jlotation. 

Fig. 2, Plate XVI., represents the midship section of a 
vessel which, when u})right, floats at the water line WL. 
Let ivl, ^^^1^1, be successive water lines, the angles be- 
tween tliem being indefinitely small, then the curve -47^' which 
touches them will be a ti-ansverse vertical section of part of 
the surface of flotation. Similarlv, if the consecutive water 
lines be drawn upon the sheer plan, a curve touching them 
will be the longitudinal middle line vertical section of the 
suiface of flotation. Between these two extreme sections, 
any number of other sections of the same surface may be 
conceived. 

75. Centre of Flotation. — The point of contact of the sur- 
face of flotation with any water plane or 2il<^ne of flotation ia 
the centre qf gravity of tJiat plane. 
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Let IV and JViL^ (fig. 2, Plate XVI.) be a pair of planes 
of flotation indefinitely close to each other, i.e., inclined to 
each other at an indefinitely small angle, so that their |X)int!i 
of contact with the surface of flotation may be considered to 
coincide with each other at F. Hence the sti-aight line of 
their intersection will be at such an indefinitely small dis- 
tance from F that it may be considered to traverse that point. 
Now, this pair of water planes will contain between them a 
pair of indefinitely thin wedges, viz., a wedge of emersion 
to^FJF^ and a wedge of immersion \FL^, and the volumes of 
these must necessarily be equal to each other. But the 
volume of either of these wedges is proportional to the 
moment of the bounding plane of flotation relatively to tho 
line of intersection at F. (See Art. 49, foot-note.) Therefore 
these moments are equal to each other, and hence the line of 
intersection at F passes through the centre of gravity of the 
water planes JFyLy And since there may be an infinite 
number of planes of flotation between a direct longitudinal 
and a transverse heel, all of which planes make the same in- 
definitely small angle with the plane tvj-^; therefore there 
are an infinite number of lines of intersection, all of which 
contain the centre of gravity of the plane IV^L^ The jx)int 
common to all these intersecting lines must be on the surface 
of flotation, and it is likewise the centre of gi-jivity of tho 
])lane of flotation; which proves the proposition. This centre 
of gi*avity is termed the centre of flotation. 

76. Axis of Level Motion. — When the vertical transverse 
section of the surface of flotation is a circle, the centre of that 
circle is in a line termed the axis of level motion. The axis 
itself is a horizontal line in the middle line longitudinal 
vertical plane, when the ship is upright, and is so situated 
that it is at the same height above the water surface when 
the ship has heeled to a certain angle as when she is upright, 

77. Curve of Buoyancy. — This name is given to the curve 
containing all the jiositiuns of the centre of buoyancy which 
occur when a ship is continuously heeled in a transvei'se 
direction (see BB^^ fig. 2, Plate XVI). This does not take 
into consideration the efliect produced by the change of trim 
which ships of ordinary form undergo when so inclined. It 

howeveri been found that in such cases the modifications 
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in the poeitioBS of the oentre of buoyancy, tending to remove 
it from a transrerse plane^ are not^of sufficient practical im- 
portance to deserve consideration. The curve is evidently 
symmetrical with regard to the middle line of the body, 
as shown by B^BB^, and is of an elliptical character. It is 
often termed the " locus of centres of buoyamotf" and some- 
times the ^* metacentrie invohUef" for a reason which will be 
seen presently, 

78. Surface of BnoyaiU^.^SuppoBiiig the ship inclined 
continually in eivery direction between a direct longitudinal 
and a transverse heel, then the surface containing all the 
different positions of the centre of buoyancy is termed the 
"surface of buoffancy" and sometimes the "metacentric sur* 
fobce:* The curve of buoyancy B^BB^ (fig. 2, Plate XVI.) is 
a transverse vertical section of a portion of this surface. 

79. Metacentric. — At Art. 61, it was stated that the term 
meUiomtre is only strictly applicable to the point M when the 
angle of inclination from the upright position is indefinitely 
small. In the same way, if the ship is floating at any finite angle 
of inclination with regard to the upright position, and then be 
further inclined through an indefinitely small angle, the point 
where the verticals, through the centre of buoyancy, in these 
conditions, intersect, will be in a curve termed the " mcta- 
cenUic" In other words, while the metacentre is the centre 
of curvature, at the origin, of the locus of centres of buoyancy, 
I.e., at the point where it cuts the vertical through the centre 
of buoyancy when the ship is upright, the metacentric is the 
locus of the centres of curvature corresponding to the difierent 
points in the locus of the centres of buoyancy as the ship is 
inclined. Hence the metacentric is the locus of the meta- 
centres, the latter term being applied to the centres of curva- 
ture of the locus of centres of buoyancy in every condition 
of the ship, including the upright one. This is not a strictly 
accurate use of the term, as will be seen by our previous defini- 
tion, but it has gradually crept into use, and it is now very 
common to speak of the metacentric as the "locus of meta- 
centres." In the following pages, we shall always refer to 
it as the metaccntnc. 

In order to detemiine the form of this curve, or the position 
of the point in it equivalent to any finite angle of heel, two 
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operations arc necessary. In the firat place, we have to find 
the height of this point above the centre of buoyancy at that 
inclination, that is, the length of the radius of curvature at 
that inclination; and in the second place, we have to lind 
the position of the centre of buoyancy, that is, the point in 
the curve of buoyancy corresponding to the given inclination. 

The length of the i-adius of curvature is found in a similar 
manner to that in which the height of metacentre above the 
centi'e of buoyancy in the upright position is obtained ; only, 
in this case, the moment of inertia of two imequal yjlanes 
must be calculated, instead of one symmetrically divided 
plane, as before. (See Ai-ts, G3 and 64, also Table I.) The 
position of the inclined water plane is found in the manner 
described at Artv 68 and Table 11. The displacement is^ 
of course, constant. 

To obtain the position of the centre of buoyancy, we have 
merely to remember that as the ship is inclined, the centre of 
buoyancy becomes shifted in the same direction; and the 
line joining it with the centre of buoyancy in the upright 
position is parallel to the line joining the centres of the 
immersed and emerged wedges. Further, BB^ (fig. 1, Plate 

XIIL) 18 equal to whesre ^ is the angle of inclination; 

and the mode of determining the value of By for any angle 
is stated at Art. 70. Hence, having the height of a point 
in the metacentric measured from the corresponding centre 
of buoyancy, and having the position of the latter known, the 
whole metacentiic can be drawn, by a repetition of the pre- 
ceding processes, for as many other angles of inclination as 
may be found necessary to obtain a complete and fair curve. 

From the preceding it will be seen that the metacentric 
18 the evolute of the curve of buoyancy, and, consequentiy^ 
the latter is the metacentric involute. (See Art 77.) 

In fig. 2, Plate XVI., B^B^ is the curve of buoyancy, 
B being the centre of buoyancy in the upright condition, 
Bi the centre of buoyancy corresponding to the inclined 
water plane W^L^y while B^ is the point corresponding to the 
same inclination in the opposite direction, the curve being 
thu8 symmetrical about AP, M^MM^ is the metacentric, 
M being the true metacentre, and if ^ and the centra of 
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Gurvatuie of the caive of buoyancy at the points Bi and Bp 
Tespectiyelj. 13ie curve J^s^^i ^ to be of an elliptieid 
duuraoter, while the metaoentric M^MM^ is a ciup of which 
MP ia a tangent* 

80. Longitudinal Metaoentre.— A definition of the longi- 
tudmal metaemire was given in Art. 60» at the commence- 
ment of this chapter. The method of obtaining this point is 
based upon the same prindples as those by which we have 
found the position of tiie tnuisveiBe metacentre. There are, 
however, certain differences in the two cases, due to the form 
of ships, which cause modifications in the actual calculations ; 
80 that it is neoessaiy we should examine the longitudinal 
metacentre separately. 

The first point of difference that we notice is, that whereaa 
the transverse curve of flotation is cut symmetrically by the 
longitudinal vertical middle line plane of the ship, so that we 
have no occasion to determine the transverse position of the 
centre of flotation; t in the case now under considerationi 
owing to the two ends of the ship being unlike, we have no 
means of determining that point without actual calculation. 

The next point of difference is seen in the fact tliat, as we 
still continue to use the ordinates of the load water plane^ in 
order to determine its moment of inertia^ and as that moment 
of inertia must be calculated about a transverse axis through 
the centre of flotation, we must adopt a different arithmetical 
process in calculating it, as the ordinates are now parallel 
instead of perpendicular to the axis. 

Also, that as we do not know where the centre of flotation 
is until it is calculated, and as it is found convenient to make 
the calculation simultaneously with that for the moment of 
inertia, it is usual to first calculate the latter about an 
assumed axis (generally the middle ordinate), and then trans- 
fer tlio moment of inertia to the centre of flotation. (See 
Art. 75.) 

* For further details regarding the metacentric and the curve of 
buoyancy, the student is referred to an interesting paper on the sub- 
ject by Messrs. White and Jolm, to be found in Vol. XXI. of the 
Traiucictiona of (he InsUtuHon cf NamU ArtikSteeU, 

t In Art. 75, it was shown that every small angular displacement 
of a ship from the upright position takfit place abont an axis trayen- 
ing the centre of flotatloii. 
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The moment of inertia of a plane figure relatively to one 

of its ordiiiates is calculated as follows : — 

Multiply each ordinate by its proper multiplier, according 
to Simpsmi^s JUule; then multiply each of the products by the 
square of the number of whole intervals that the ordinate in 
question is distant from tlie ordinate taken as an axis of 
tnoinents ; 7nultiply the Algebraical sum of these products by 
one-third of the cube of a whole interval: t/ie product will be 
the moment of inertia required. 

If the centre of flotation is previously knoTvni, then the 
moment of inertia should be calculated about an axis, jmmllel 
to the ordinates, through that point; but if its position is 
not known, the middle ordinate is a convenient axis about 
which to calculate. Having obtained the moment of inertia 
about that axis, subtract from it the j)roduct of the area of 
the water plane into the square of the distance of the centre 
of flotation (as found in the coui*se of the calculation) from 
the chosen axis; the remainder will be the required moment 
of inertia about the centre of flotation, and this being divided 
by the displacement in cubic feet, will give the height of the 
longitudinal metacentre above the centre of buoyancy. 

81. Longitudinal Metacentre Calculation Explained. — 

On Table I., under the heading " Metacentrcs " and Longi- 
tudinal," will be seen a calculation of the longitudinal meta* 
centre which we will now explain. 

The column headed " functions of ordiiiates," contains the 
products of the ordinates of the load water plane, and the 
i-espective Simpson's multipliers. The next column contains 
the several multipliers for moments, according to the positions 
of the res[)ective ordinates, with regard to No. 6, about which 
the moment of inertia is calculated. It will be remembered 
that we must use the squares of these distances, in order to 
get the functions for moment of inertia; but it is found con- 
venient to use these several multipliers twice instead of their 
squares once, as by so doing we have in the third column a 
series of functions for moments by which we can obtain the 
centre of gravity of the load water plane, i.e., the centre 
of flotation, to which point the moment of inertia has after- 
wards to be transferred. At the foot of the third column 
will be seen the calculation for the centre of gravity of tho 
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load water plane, which is found to be 3*5 feet abaft No. 6 
ordinate, in thia case. An explanation of this work is given 
in Art. 25. 

In the fifth column are ranged the several functions for 
moment of inertia about No. 6 ordinate, and their sum is 
given at the foot. As will be seen, this is multiplied in three 
operations by one-third the cube of the longitudinal interval, 
according to the rule. The half area of the load water plane 
is then multiplied by 3*5^, and the result being deducted 
from that previously obtained, gives the moment of inertia 
of the half plane about the centre of flotation, which is then 
multiplied by 2 for the whole moment of inertia. Dividing 
by 35, we have the result in foot- tons, and then dividing by 
the dis2:)lacement expressed in tons we obtain 181*71 ft., the 
height of the longitudinal metacentre above the centre of 
buoyancy. The latter being already found to be at 3*95 ft. 
below the load water line, the difierence between 181*71 ft. 
and 3*95 ft. is 177*76 ft., the height of the longitudinal 
metacentre above the load water line. 

82. Longitudinal Metacentric SurfiAoe Stability. — This 
is rarely obtained, being of little use to the naval designer. 
As, however, it shows that portion of the longitudinal stability 
of the vessel at a small inclination^ which is due ta hex form, 
it 18 deaerving of a passing notice^ The same ccmsidesaiicms 
apply in this case as were dwelt upon when disKsussiiig traus- 
verse metacentric suifooe stability. If the angle of inclina- 
tion, that isy the |njfe& or ssand be very small, say about 1 or 2 
degrees, then calling the displacement 2>, tiie angle of pitch 
$^ and iWthe height of longitndinal metacentre above centre 
buoyancy, the moment of longitudinal metacentric sur&oe 
stability at that angle is 

DxBMdnl (I) 

If the centre of myiij of the vessel coincides witli the point 
B, the above is uie toAofo mom«»i^ of longitudhud metacentric 
stability at that angle; ordinarily^ a deduction has to be made 
from comression (I) for the actoalifengitudinal staUlity; but 
wOl be considered in the Aeact chapter.* X ' 

As. the. longitudinal inclinations of a ship aie usualh^ very 
small, compared with the transverse, and therefore of mr less 
importance when considering her safety or efficient working, 
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it is not customary to calculate the longitudinal stability by 
any other than the metacentric method; so that wlien it is 
desired to know the effect on the trim which is due to addini^ 
or shifting weights, and so altering the form of the immerstd 
body of the ship, it is usual to determine the height of the 
longitudinal metacentre in the condition the ship is at the 
time of the change, and use that result in making the calcu- 
lation. Should the change of immei-sion or trim be consider- 
able, BO as to alter the height of the longitudinal metacentre, 
then the height of the latter, when the ship is at the new 
draught of water, is used. This subject will be considered 
more fully in the next chapter. 

83. Comparative Surface Stability of different Vessels. 
— ^The moments of the surface stabilities of vessels having 
load water planes of similar form, but of different size (i.e., 
when it only requiies an alteration in the scale of the draw- 
ing to make the load water planes identical), are propor- 
tional to their lengths and tite cubes of their breadths. This 
follows from the considerations in Uie former portions of this 
chapter. 

Again, since the displacements of the vessels are propoiv 
tional to their lengths, hreadtJis and mean draughts of ivaier^ 
therefore the heights of their metacentres above their centres 
of buoyancy are proportional to the squares of t/iC l/readllta 
divided by the mean draughts of water. 
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CALCULATIONS RELATING TO THE WEIGHTS 
AND CENTRES OF GRAVITY OF SHIPa 



CHAPTER m. 
STABILITY AND TRIM. 

Centre of Gravity — Metacentric Statical Stability — Exact Calcula- 
tions of Statical and Dynamical »Stability — To find the Centre 
of Gravity by Experiment — Specimen Calculation — Alteration 
of Trim by Shifting Weiehts — Moment to alter Trim one inch-^ 
Alteration of Trim by adding a Weight — When Weight is incon- 
siderable — When considerable — Effect on Trim by admission 
of Water in different ways — Effect on Stability by moving a 
Weight— By adding or removing a Weight— By aomittiug Water 
in dS^mit ways. 

84. General Oonsidexationa — Hitherto we hare cUa- 
cussed the sttt^ical and dynamical qualitieB of a vessel as 
affected by her form, without considering the effects due to 
the centre of gravity of the weight of the vessel ^d her con- 
tents not being situated at the centre of buoyancy j hence 
our investigations have been chiefly of a geometrical cha- 
racter. In this division of the subject, we purpose consider- 
ing the modifications of the preceding results due to the 
floating body, being composed of a great number of paiis, 
having difltont specific gravities, and irregularly disposed 
within the shell whose form invests it with the qualities we 
have already examined. 

We will commence by assuming, for the present, that the 
vessel has a certain known weight, and that the position of 
the centre of gravity of that weight is known. Tida weight 
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is the sum total of the weights of all the items composing 
the hull and equipment of the vessel; and its centre of 
gravity is that of all these weights, each acting at its own 
centre of gravity wherever it is situated. The manner of 
calculating the total weight and determining the position of 
its centre of gravity will be shown in the next chapter. 

85. Centre of Gravity. — It was stated in Art. 4, that a 
body floating in a liquid, in a state of equilibnum, displaces 
a volume of the liquid whose weight is exactly equal to that 
of the body. We will now show that not only is this so, 
but that the centre of gravity of the floating body must be 
in the same vertical line as the centre of gravity (i.e., centre 
of bnoyancy) of the liquid displaced; and if the body is at 
any time floating in sudi a position that these conditions are 
not fulfilled, it is not in a state of equilibrium, but will seek 
to float in such a position that the centres of gravity of the 
body and of the displaced liquid are in a vertical line. 

Fig. 1, Plate XVII., represents a transverse section of a 
body floating in water, /^^li/j being the load water line when 
in a certain inclined position ; G is the centre of gravity of 
the body, and that of the water displaced. When in this 
position the weight of the floating body acts vertically down- 
wai*ds, in the direction of the line GF^, perpendicular to 
W^L^^; also the resultant upward pressure of the surrounding 
fluid acts vertically upwards through the centime of gravity 
J?j of the displaced water along the line B^M. Since the 
weight of the body and that of the fluid are necessarily equal, 
each of these forces is equal to D, the weight of the displaced 
water. Through G dmw GZ perpendicular to B^M, then 
these two equal forces constitute a couple, whose arm is GZ, 
the tendency of which, as sho^vn by the arrows, is evidently 
to turn the floating body in such a way that approaches 
Z, and a})]>roaches W. When that happens, the line 
MB coincides with MB^, and GZ becomes zero; hence the 
couple vanishes. Should ir^, then, pass W, and be above it, 
and therefore Zj be below Z, there will exist a couple, whose 
arm will be on the other side of MB, tending to make irZ 
and W^L^ also MB and MB-^ again coincide; and so there 
will be no equilibrium while G^ has any value. Hence B^ 
must be in the line £M for the body to float at rest. This 
1b ii 
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proTes the statement for positions of the floating body, as 
shown in a transvei-se section; fig, 2, Plate XVIL, shows 
the same longitadinally, the same reasoning being applicable 
in both cases; and so it may be proved for any dieyiations in 
skew directions between direct transverse and longi- 
tudinal inclinations of the floating body), that to obtain 
equilibrium it is necessary B and G shall be in the same 
vertical line. 

But there is yet another condition which must be fulfilled 
before the body will float in stable equilibrium. In figs. 1 
and 2, Plate XVII., G is shown between if and but it 
does not necessarily follow that it always occupies that 
relative position, although in a well-dedgned ship it is 
essential that it should do so, as we shall now see, Keferring 
to fig. 1, Plate XYIII. (which is exaggerated in order to 
illustrate more clearly), it will be seen that G is above J/, 
and therefore G^ is on the opposite side of MB to that 
where it is seen in fig. 1, Plate XVII., when the ship is 
heeled in the same direction. As a result of this position of 
G, the couple is found to act in a contrary direction to that 
in the latter case, tending, in the present example, to cause 
the ship to incline still farther from, instead of restoiing it 
to the upright position. The couple, in this case, is evidently 
an upsetting one, instead of a riglUing oouple, as in Plate 
XVII. As already said, it is only in an ill^lesigned or 
badly stowed ship that this can occur, nevertheless it is 
necessaiy to notice the result of such a position of G, as 
although when the vessel is upright, and GF and MB^ 
coincide with MB, the arm of the couple G2/ vanishes, and 
the vessel is in a state of equilibrium; yet when she is in- 
clined but to the slightest extent, an upsetting couple is 
produced which tends to increase the ship's heel, and finally 
upset her. When the ship is floating at rest, perfectly up- 
right, with G in the position, relatively to By shown by fig. 
1, Plate XVIII., she is said to be in a state of unstable equi- 
librium, and, when inclined ever so slightly, continues to 
heel until she upsets ; in the event of the water not being 
able to get inside, she will incline until she arrives in such 
a position that the centre of gi-avity is below her metacentre, 
when she wiU be ifi ik fttc^t^ of stable e<}uilibiium. Hence 
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the necessary conditions for a body to float at rcbt in a state 
of stable equilibrium are: — 

1. That she shall disiilacc a volume of water whose 
weight is equal to that of the body. 

2. That the centre of gi*avity of the body and that of the 
displacement shall be in the same vertical line. 

3. That the centre of gravity of the body shall be below 
the metaoentre. 

In Plates XVII. and fig. 1, Plate XVIII., the angles 
BMB^ are shown of considerable amplitude, in order to 
obtain a distinct figure; the term metaoentre just employed 
iSy however, used in its exact signification, the extent of the 
inclination not alfootbg the trutili of the proposition. 

The deriyation of the term metaoentre" is at once sug- 
gested by the preceding oonalclenitions, as it means the limit 
beyond which the ship's centre of gravity may not rise, in 
order to hare stable equilibrium. 

86. Metacentric Statical Stability.— In the last chapter 
we investigated expressions for that part of a ship's statical 
stability which Is due to her form, her swrface statical 
sfakUUy, Two modes of obtaining this were obtained, one 
being inexact, except for very small angles of heel, and use- 
ful only as a means of instituting comparisons between 
Tessels of a similar type; this was termed nKtoean^ <u^;^c 
staiieai slMUiiy, Another and exact method was also in- 
Testigated, whereby the surface statical stability could be 
found for any finite angle of heel We now purpose con-, 
sidering what modifications in these results are necessary, 
owing to tiie vessel having the attribute of weight, whidi 
may be considered as centred or acting at a certain point 
which is not the centre of buoyancy. First, then, we will 
direct our attention to metacmPric statical atabUUy, At Art. 
62, it was shown that the moment of surfuse stability is 
JD xSIf, or DxBMmi BMB^ (see fig. 1, Plate XVIIL), 
this being true at the angle BMB-^^ when that angle is vexy 
smalL It is based upon the assumption that M (the actual 
metaoentre) is unaltered in height above the load water line 
when the ship is inclined to that angle, and hence the ex- 
preasicii jp tinned tbc ^' metfuientric surface statical stability." 



Digitized by 



116 THEORETICAL NAVAL A&CHlTECXUilE. 

But the actual moment of statical stability, whether calcu- 
lated by the metacentric or by the exact method, will differ 
from this according to the })osition of the centre of gravity 
of the ship. If that centre of gravity is above the centre of 
buoyancy the moment is less, and if beluw^ it is greater tbaa 
the moment of surface stability. 

In fig. 2, Plate XVTIL, G is the centre of gravity in its 
usual position, viz., a little below the load water line, and 
therefore between tlie metacentre and centre of buoyancy. 
Through G draw GP peq^endicular to the new water lino 
TKjZj, cutting BN at 0, also draw perpendicular to MB^, 
Now, as already seen, the moment duo to the vessel's form, 
tending to restf>re the ship to the upright position, is D x ; 
but as the weight of the ship acts at G instead of i/, and 
in the direction of the vertical line CP, diredtly the ship is 
inclined from the upright position to that shown, there is an 
n]isetting mniiKnit D* x BO brought into play. Hence the 
resultant rigliting moinont is the difference between the right- 
ing moment B x BN (due to the form of the body immersed), 
and the upsetting moment D x BO, which is equal to I) 
{BX — BO) — D X GZ; and this is the moment of statical 
stability at the angle BMB^, as found by the metacentric 
method. It will be at once seen that at the same angle of 
inclination the resultant righting moment becomes greater 
as G approaches and decreases as G approaches M, 

We inUl now see what happens when G is below B, Still 
referring to the figure: is the oeniro of gravity, and the 
perpencUcolar BO^ upon the Tertioal ^^P^ is now on the 
other side of MB. Henoe in this ease both the moment due 
to form and that to the centre of gravity not coinciding 
with the centre of buoyancy are of a righting tendency^ and 
thus the total moment of statical stabilitj is D(BN-^BO^ 

Next consider the case when G is about as shown by ^2 
in the same figure. Hero the righting moment due to form 
is i> X BN9i» beforei but the upsetting moment due to G^ not 
coinciding with J9 is D x which is in excess of the nght- 
ing moment by the moment J> x NO^ » Z> x G^^* ^ 
this case the total moment is n^tnre, and the ship is con- 
* D being equal to IT the weight of the ship. 
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flequenily in a state of unstable equilibrium when uprigbt^ 
and oontinueB to heel when slightly inclined until she 
upsets. 

87. Use of the Ketaoentrie Method.— The moment of 
statical stability deteimined by the process described in the 
preceding artide is based i^n the assumption that, for the 
inclination considered, j(f remains at a constant distance from 

G, As stated at Art 66, this is practically true in vessek of 
ordinary form up to an inclination of firom 10 to 15 degrees; 
but as the method does not take into account the form of the 
body, except as regards the moment of inertia of the load 
water plane and the total displacement, the result for greater 
angles is incorrect, the error for some little distance being 
usually on the safe side. But with vessels of low freeboard, 
such as monitors, or if there be any irregularity of form above 
or below the load water line, the metacentric method affords 
us no information regarding the stabUity of the vessel except 
as regards the initial righting moment. It does, howeyer, 
afford a valuable means of predicating the stability of a vessel 
by comparing the moment so found — or usually the distance 
GM — ^with that of another vessel of similar type. Hence it 
is usual in preparing a design to determine as nearly aa is 
possible in the early stages of the work the positions of M 
and Of so that the designer may, by paying at the same time 
due attention to the height of the vessel's side and its form, 
be guided in obtaining the required stiibility ; the exact ex- 
tent of wliich, at every finite anf];lo of inclination, up to 
the upsettini; point, can be only discovered by a laborious 
])rocess (see Arts. 70 and 131) when the design is more fully 
matured. 

Until the last few vcars, it has not been usual even in 

H. M. Service to calculate the statical stability by any other 
than the metacentric method, as in consequence of the simi- 
larity in the types of the ships then built, and the experience 
acquired regarding them, it was possible to obtain the qualities 
required by merely knowing the initial statical qualities of 
the ship when inclined. As we shall see hereafter, it was 
found almost as undesirable for the distance Q3T to be very 
great as it was to be small; for in the former case the vessel 
laboured very heavily in a cro£>s sea^ while iii the latter she 
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was crank. A ustud value was from 3 to 5 feet in large 
vessels, and rather more for those of the smaller size, tha 
maximum value being about 6 feet. 

The conditions of a ship for war, and one for mercantile 
purposes, as regards calculating their stabilities, are very 
different. The weights carried by the former and their 
positions are nearly constant, and can be anticipated in the 
design ; but the cargo of a merchant ship is of a very varying 
character. Hence it is impossible to fix the position of the 
centre of gravity of the latter, or to say what value of GM 
she will hava The metacentric method is iisually adopted, 
and sach % "value of BM is chosen, aa has been foand safe 
and desirable in other ships* The stevedore is dq>ended 
upon to stow the cargo in the best method, so aa to ensure 
that the ship shall be stalile and roll easily. 

88. Exact CUenlatioiiB of Statical Stability.— In Arts. 
67 to 70, we investigated an exact method of determining 
sur&ce statical stabiUty at any finite an^^e of inclination by 
calculating the moments of the transferred wedga This 
being that portion of the resultant statical stability which ia 
due to the vessel's form, we have^ thereCim, the same correc- 
tion to maJce as before in determining the real statical stability. 
At Art; 67, it is shown that» at any angle, D^BN^Y^ MK 

VxHK 
orBN= — — 

where 2) is known, and Fx ifjfir is the moment of tiie wedges 
aa calculated at Art 70. Hence having JBZIT known, and BO 
= BQ sin BMB^ also known, leva: of statical stability 

is found as before, and thus the moment D x QZia determinecL 

89. Dynamical Stability.— At Art 72, the m<»nent of 
dynamical surfiMse stability was shown to be equal to V(BS 
+IE) see fig. 1, Plate XYI.; this being the work due to 
the depression of the centre of buoyancy in the course of 

. heeling the ship to the angle BMBy We will now find the 
whole d^mamioal stability, which is the work performed in 
t)oth raising the centre <^ gravity and depressing the centre 
of buoyancy, and is therefore the product of displacement 
into tiie difference of level of her centres gamtj and 
buoyancy produced by heeling. 
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Beferxing to fig. 1, Plate XYI., it will be seen that its 
value is 

D(ZBi -GB), 

Z being the foot of the perpendicular from Q upon MB-^* But 

ZN^GJBoobBMjB^; henoe, 

Dynaanieal Btabiliiysl) (GB oos BMB^ +NBi - GB) 

=D (NBi - GB Yeram BMB^). 

In the spedmen calculation shown by Table 11., and explained 
at Art 73, 2)x V{EH^IK) or J)yiNB^ has been shown 
in that case to«be equal to 5976 x *45 foot-tons of mechanical 
work The known position of & in this ship is such that GB 
« 8*529 feet) and the versed sine of 16 degrees is *0d87. 

Hence, GB versin GMBj =8 o29 x -0387= -33 ; 
and, therefore, the dynamical stability at that angle is 
5976 ( '45- '33) =5976 X '12= 717 '1 foot-tons of mechanical work. 

The foUowing apprimmaisi^ has been given for the dyna- 
mioal stiabiliiy at a giren angle of heel: — Mtdtiply the dia- 
plaeemeiU by the height of tlie nietacentre above the eenire qf 
gremUiy and hy tJie versed sine of the angle qf heel. 

The value of a knowledge of the dynamical stability of a 
ship will be apparent when we consider the question of sails 
and sail power. For as the wind does not always exert a 
steady pressure upon the sails such as would be counteracted 
bjr a statical moment, but often strikes them in sudden gusts, 
causing the vessel to suddenly heel over, it is desirable to 
know the dynamical stability of the ship, and so ensure that 
it requires the expenditure of a suflScient amount of mcclianical 
work to incline her to an angle which is within the limits of 
her maximum stability. So that while a knowledge of the 
statical stability of a ship is very necessary in order that she 
may be known to be capable of resisting a steady heeling force 
and of returning to the upright position when inclined to a 
considerable angle, yet as she is oftener under the influenoo 
of dynamical than statical moments, it is of great importance 
that her dynamical qualities should be known. 

90. Experimental Method of Finding the Centre of 
Gravity. — ^The importance which is attached to the position 
of this point in a ship has already been dwelt upon. iEQthertOi 
' however, we have used an assumed position in our investiga- 
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tions; we will now see how its whereaboute is determined 
experimentally after the ship is built and equipped. It should 
bo first remarked that although it is impossible, or nearly so, 
to determine the exact position of the centre of gravity before 

the vessel is built, yet that position is approximately known in 
every vessel designed for the Royal Navy before the drawings 
arc put into the builder's hands. This knowledge is sometimes 
obtained by comparison with a ship already built and the 
position of whose centre of gravity is known, if that ship is 
similar to the one designed; due allowances being made for 
the differences which may exist. Or else a detailed calcula- 
tion is made, such as will be referred to in Chap. TV., and if 
this calculation is performed with care by an experienced 
person, and the work checked by another, or if two inde- 
pendent calculations be made by two calculators, the result 
is found to be very trustworthy, especially as regards the 
vertical position of the centre of gravity. In every case, the 
centre of gravity is determined by experiment after the vessel 
is built, and the results thus obtained prove most valuable 
criterions by which to judge the accuracy of the results 
obUiined by calculation for other and similar ships. 

The method by experiment is founded on that rule in 
statics which is stated at Art. 61, which may be thus ex- 
pressed : If the centre of gi*avity of any part of a body be 
shifted in a given direction tlirough a given distance, the 
centre of gravity of the whole ])ody is shifted in a parallel 
direction through a distance smaller than the given distance, 
in the same proportion that tlie weight of the shifted part is 
smaller than the weight of the whole body. 

In fig. 1, Plate XIX., Jf rei)resent3 the metacentre, the 
position of which has already been calculated. MF is the 
upright axis, and it is therefore known that the centre of 
gravity is somewhere in that line; we have to find its depth 
below the point M. 

Let a be the centime of gravity of any heavy body of weight 
W resting in the position shown when the vessel is upright, 
and let that body be now shifted across the deck to the other 
side of the ship, so that b is the new position of its centre of 
gravity. The ship will consequently heel over to a certain 
angle which may be accurately measured. Let PMP^ be that 

0 



Digitized by Google 



METHOD OF FINDING THE CENTRE OF GRAVITY. 121 



angle, so that the new centre of gravity is now somewhere 
in the line MP.; also, call the displacement Z>. 

Tlirough M draw MT parallel to ab, and of such a length 

MT W 

that - ^ = p ; and through 7' draw TG^ parallel to MG^ cut- 
ting il/jPj at the point G^; this point will be the new centre 
of gmvity of the whole vessel. Through draw G^G parallel 
to ab^, then G will be the original centre of gravity of the 
vessel when upright. 

«. MT W 
fl6=D 

MT=^a&=GG 
W 

Bat MG=GGi oot BBIBj = j^ ab cot BMBi. 

Hence, having the angle BMB^ determined by e;&periment^ 
MG is readily found. 

In performing the experiment, it is necessary that several 
precautions should be observed. The ship should be floating 
in still water as in a basin or dock, and it is desirable that 
the weather should be calm, as otherwise the pressure of the 
wind upon the side of the ship would produce an error in the 
calculation. Should there be any wind, the ship should be 
placed so that it will blow in the direction of her length. 
An accurate account should be taken, immediately before the 
experiment, of tlie positions of such portions of the ship as 
are not in their proper position; also of the items of the hull 
or equipment that are not on board, and the positions and 
weights of materials not belonging to the ship which are on 
board at the time. The hold should bo pumped dry before 
the ex[)eriment; loose materials, such as coal, should be pre- 
vented from shifting, and the crew should be made to remain 
perfectly steady at their proper posts while the inclination is 
being obsen cd. It is also necessary to measure the inclina- 
tion of the ship by plumb lines at two or three positions in 
her length, say at the fore, main, and after hatches (if the 
ship is so constructed that vertical lines through these can 
reach the keelson), and take the mean of the inclinations so 
observed, jvs it docs not neccssanly happen that the shij) 
inclines about a longitudinal axis, sdthough if the centre of 
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gi*avity of the ballast* is placed in the same transverse section 
of the ship as that containing the centre of buoyancy, the 
inclination should be the same throughout. As already 
stated, it is desirable that the ballast or other weights used 
in inclining the ship should at first be so placed that the ship 
is upright throughout her length. This is generally done by 
placing equal weights on each side of the ship in such posi- 
tions that the above result is attained. The draught of water 
forward and aft is then observ^ed, and from this the displace- 
ment, position of centre of buoyancy, and tlie li eight of m eta- 
centre at the time of the experiment can be calculated. The 
positions of the centres of gi-avity of the weights are now 
carefully measured, after which the ship is inclined by shift- 
ing them across the deck in different ways. 

In the example which we shall presently give, it will be 
seen that the order of procedure is as follows : — The whole of 
the ballast on one side is first transferred to the other side of 
the ship, and the distance through which its centre of gravity 
is moved is carefully measured; when the ship ceases to 
oscillate the inclination is observed. Next, the weights are 
restored to their original position, when the ship should again 
be upright. If she is not, the slight deviation is recorded. 
This completes the fii'st experiment. The ballast is then 
moved over to the other side of the deck so as to incline her 
in an opposite direction to that in the first experiment, and 
when the distance through which its centre of gravity is 
shifted has been carefully measured, and the ship is at rest, 
the inclination is again observed. The weights are once more 
restored to their original positions, when the ship should 
again be upright; if she is not, the deviation is recorded. 
This completes the second experiment. Should these expeii- 
ments give slightly diflferent values of MG^ as is usually the 
case, the mean of the two is taken as correct. In order to 
reduce to a minimum the eiTors in the experiments, which 
result from the ship not being perfectly steady, or by reason 
of the distances through which the centres of gravity of the 
weights are moved not being accurately measured, etc., it is 
now usual to make at least four experiments, and sometimes 

* Fig-iron ballast is the most convenient weight to employ when 
perfonning this ctLj^criiiicnt. 
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as many as six; this being done by shifting first a half and 
then the whole of the ballast on one side to the other, and 
afterwards doing the same on the other side of the ship. It 
is easy to see that by varying the quantity of ballast mo^ed, 
or the distance moved through, several experiments may bo 
made; and that by increasing the number of observations 
the resulting average value (rif approaches more nearly 
to the truth. 

91. Specimen Calculation of GM by Experiment. — The 

example we are about to give was furnished by Mr. F. K. 
Barnes to the Institution of Naval Architects in 1866, and 
is contained in Vol. VII. of the Transactions of that Society. 

The Valiant was indiiMd in the Steam Basm at Portanoath on the 

28th July 1865. 

TrtVir/.— Slight breeie, blowing in the direction of the fofe and aft 

axis of the ship. 

The Ship had her lower masts and topmasts on end, was rigged 
completely, had lower yards in place, gaffs in place, topsail yards on 
the caps, top-gallant masts struck ; one top-gallaut yard was lashed 
np the lower rigging, and the other against inside berthing above 
upper deck; spare spars on deck; spare screw on upper deck, for- 
ward (weight 3i tons); anchors stowed; chain in lockers and gangers 
in place; guns run out on main and upper decks; shot stowed round 
hatchways, not any in lockers ; boom boats stowed, the other boats 
not on board; tails not on board; bowsprit in place, and jib-boom 
ninin. 

BvXtaAfoT ExperimenL — 100 tons of pig-iron ballast was placed on 
the upper deck, 50 tons on each side; stowed from the fore side of 
the after capstan to the fore side of the funnel. 

Men on Board dnrinrf Experiments.— QO labourers, to move tho 
ballast, etc., and 47 artificers employed in various parts of the ship; 
also, 11 men of tho ship's company. 

CoaU on Board dtiring Experiments. — Coal in fore bunkers stowed 
Hp to decJn ; in after bankers, up to deck nearly in one comer. Total 
Weight about 120 tons. ^ 

Draught of Waier durkig Expeiimeni,^ 

Forward, 22 ft. 7i in. 

Aft, 24a9|in. 

Mean 23 ft. 8i in. 

Displacement, 6019*6 tons. 

In the First Experiment. — The sliip was inclined by moving 50 tons 
of ballast through 3'J ft. G in., from starboard to port, which gave an 
inclination of 25^ inches by fore plumb, and 24^ by after one. 
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The ship plumbed well when the ballast was restored to its original 

position.* 

In tlie Second Experiment. — The ship was inclined by moving 50 
tons of ballast through 39 ft. C in., from the port sido to starboard. 
Inclination in 25 feet was 24j^ inches by fore plumb, 2o inches by 
after one. 

Taking the mean of the inclinations, as taken from the two plumbs 
in each experimenl^ we bave 

GM=:^ii& cot BMBi. (See fig. 1, Plate XIX.) 

60 - 4x25x12 „rt,«, X 

X 39'6 X . . o^a . ftk = 3*917 feet. 



~ 6ai9-6 25i + 25i + 24|+25 

The separate values of GM found by the two experiments are 
3-879 ft. and 3*956 ft., the mean of these being 3*917 ft, as 
above. 

The following values of GMy as found by the experiments, 
in four other iron-clad ships of H.M. fleet, are given by Mr. 
Barnes in the same paper : — - 

Minotaur^ 2*293 feet. 

Warrior f 4*449 „ 

AchXOea, 2*l»6 „ 

PriMce Coruoii, 6*535 „ 

Having made the necessary corrections in order to obtain 
the value of GM ivhen the ballast is removed, the ships are at 
their load draughts, and in proper sea going condition^ the 
following are the results:— 

Valiant, 4 6 10 feet. 

Minotaur^ 3*879 „ 

Warrior, 4-678 „ 

AchUles, 3 088 „ 

Prince Consort, G OlO 

whioh results, as we shall see hereafter, afford valuable means 
of comparing not only the stabilities of the several ships, but 
also their rolling tendencies and their general efficiency as 
gun platforms. We may first romark in passing that the 
value of GJf for the Achilles is rather below the average, 
while that for the Prince Consort is considerably above. 
Indeed, as a matter of fiEUst, the height of metaoentre, above 

* It will be seen that in these experiments only two plnmbs were 
employed ; it is, however, now customary to use three, as stated in 
the text. 
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centre of gravity, differs very little for Nvcll-dcsigncd Avar 
vessels of all sizes, being about 3 J to 4 J feet, and, in general, 
is greatest in the smallest vessels. 

In vessels for which tliat height is exactly the same, the 
moments of stability at equal angles of heel ai'e obviously 
proportional to the displacements. 

92. Position of Centre of Gravity, Longitudinally. — lb 

is perhaps unnecessary to state that tlie longitudinal position 
of the centre of gravity, when the ship is floating at rest, is 
at once found by observing the draught of water, and then 
calculating the longitudinal position of the centre of buoyancy 
from the ship's drawings to that water line ; the centre of 
gravity will, of course, be in the transverse vertical section 
which contains the centre of buoyancy. Knowing that 
the centre of gi^avity is in the longitudinal vertical middle 
line plane of the ship, when she is floating upright, and 
having found its vertical and longitudinal position, the point 
is fully determined. 

93. Alteration of Trim due to Shifting Weights already 
on Board. — The effect upon the trim of a ship, caused by 
shifting weights already on board in a longitudinal direction, 
will now occupy our attention. In fig. 2, Plate XIX., G is 
the centre of gravity, and B the centre of buoyancy of a ship 
floating in equilibrium at the load water line WL. The 
dis2)lacement D is known, also the value of BM^ M being 
considered fixed during the small alteration of tiim that we 
shall consider. A weight P, already on board, is shifted 
forward through a distance so that the ship then fioats at 
the line W^L^y intersecting WL at the point S; and the two 
water lines intei-sect the fore and after perpendiculars of the 
ship at the points W, TT^, and Z, L^, respectively. It is 
i*equired to find the lengths WW-^ and LL^ which together 
constitute the alteration in trim. 

Now P)cil=D)cGG^, 

where OG^ is the distance which the centre of gravity of the 
ship is moved forwazd by shifting the weight P. As the point 
M is considered fixed, a perpendicular to W-Jj^ through 
also passes through M, The inclination being small, the 
point i9 is a very dose approximation to the centre of gravity 
of the load vater planer 
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Suppose a foot and ton to be the units of measurement 

and weight. 

Since the angles WSJ]\, LSL^, and GMG^ are equali we 
have bj the propertgr of similar triangleSj 

WS LS MG 



But 



Hence 



and 



_WS + S L_ ^ WL MG 
WWj+liii WWj+LLj"*GGi' 



WL MG y D 



WWi+LLj Px€< ' 

MGxD' (1) 



But the terms on the right-hand side of this equation are 
all known, hence the total alteration of trim^ tiz., WWi + LL^ 
is also determined 
To find the separate values of WW-^ and LL^, we hare— 

WS : LS=WWi : LLj 

8L _ LLi 
WS+SL""WWi+LLi 



hence 



and from (1) wL" WL(Pxd) ' 



Simikvrly, 



TSfGlTD : 

WW -S^nill) . . (3) 



and as 5ii and SW are known by reference to the displace* 
nient slieet, tlie vahies of LL^ and WIV^ are determined. If 
8 is at the middle of the length between perpendiculars, then 

-isrr 

8L=SW=-^, 

hence jT _«rw _WL(Pxd) 

LL^-WW,— g^^^^p. 
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As AK Example,'^ suppooe 150 ft, Jlfffs 177*41 ft, 
2>r= 620*158 tons; also, let WS^IZ ft, and Z^»77 ft 
Let a weight of 61*1 tons be moved forward a distance of 
10 ft.; then P= 61*1 tons, and 10 ft 

In this case, 

>T TTxGllxlO _77 . 
^*-e20168xl77*4l-i80^*=^^"'- 
73x61 1x10 73 . 
^»=(^Wiri77^=l80^* =^^ "^^ 

and 

WW, +LL, =5A+4H=10 in. 

ft. in 

Henoe the original draught of water being | j§ ^ aft.'' 

ft. in, in. ft. in. 

The new dranidit ifl i^^ 0+5^^=10 5A forwaid. 

xne new oravgnt IS | 0-41| = ll 7A aft. 

94. Moment to alter Trim one inch. — It is usual in ir.]\r. 

::crvice to calculate upon the ordinary displaccnient sheet 
the moment required to alter the triin one inch, the method 
of obtaining which depends upou the iuvestigation just gone 
through. 

In this case WIF^ + LL^ =1 in. = foot 
Heuce the equation, 

WL _MGxD 
VVVVi + LLj~~Pxd 

becomes 

, MGxD 
12 X WL 

Using the values in the displacement sheet (Table I.) 

^ , 177-41 X 620-158 

12x150 — foot-tona. 

Which i» the moment required to alter the trim of this ship 
by one inch when she is floating at her load water line. 
Hence knowing this moment to alter trim, we are at once in 
a position to say what effect the shifting a weight, ali-eady on 
board, in a horizontal direction has upon the trim of the ship. 
It must, however, be remembered that if the shifted moment 
is sufficient to cause a very considerable alteration of trim, 

* These values, exoept H^Sf and 8Lt are taken from the Diaplace- 
ineut Sheety Tahle J, 
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the valae of MG will ehaDge, owing to the diflferent fonn and 
area of the load water plane; in that case an approximation 
to the trim is first f ound, then the value of GM is calculated 
for tiie new water plane, and by this the moment to alter 
trim at the approximate line is obtained. The alt6rati<m of 
trim found by using this new value will give a very good 
approximation to the actual line. The trim found by ndng 
the moment calculated for the load water line is, however, 
usually sufficiently correct for all purposes in actual practice. 

95. Effect on the Trim by adding a Weight— I. If 
tlie weight is inconnderahle, — Let P be the weight added, 
and ^ be its distance in a horizontal direction from the trans- 
verse section containing the centre of gravity of the load 

water plane. Also let F be the moment to alter trim one 

p 

inch, and T be the tons per inch immersion. Then ^ is the 

extra immersion in inches. Suppose, first, that tlie weight 
P is placed in the transverse section which contains the 

centre of gmvity of the load water plane, then the ship will 

p 

sink to a parallel depth of >p inches; for the horizontal motncut 

of the added weight about the transverse plane, containing 

the centre of gravity of the ship, is the same as the moment 
of the added displacement about that plane. But in this 
case the weiglit F is placed at a horizontal distance I from 
that position; hence the alteration of trim is due to a moment 
of P X /. Since P is small corni^ared with D, it is not con- 
sidered sufHcient to increase MG or the displacement very 
considerably, hence we have 

-|p-= alteration of trim in inches, 

and 

— - = WW I = LLj approximately. 

Hence if the distance I is measured on the fore side of the 
centre of gravity of the load water plane, then calling the 
original draught of water 

{ S^=y; { Ift^S yJ 
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we baye approzimately 

V -Y4.^ 

In the example already considered (see Table I.), siippoae 
^=611 ft, andP = 10 tons; also taking r=7 G5 tons, and 

= 61 *1 foot tons, as there giTGD, the ^-alues of X and Y are 
10 ft. and 12 fb,, re£^»eetiyely. 

It in. in. in. ft. in. 

X.=10 0+J^, + ^»^|^;;=10 Ci forward 
i« A 10 10x61*1 ^ 

Pxl 

If instead of taking IFfFi = LL^ = we used tkcir exact 

Talnes, due to the centre of grarity of the load water plane 
being abaft the middle of the length between perpendiculars. 
Then, as already seen, 

Xi = 10 ft. + li in. + m in. = 10 ft. in. forward 
Yi=12a+14in.->5iVii>. = llft. SHin- f^t. 

IL If tlie weight is not inconsiderable. — In this case we 
are not justified in assuming that MG (fig. 2, Plate XIX.) 
remains unaltered, or that /> + P is not materially greater 
than D, We will commence by supposing that the weight 
is momentarily placed in the transverse plane which contains 
the centres of gravity of the load water line; then the ship 
commences to sink parallel to her former draught. But as she 
gets deeper in the water two things haj)pen — in the first place, 
the centre of gravity of the successive load water planes move 
awayfrom the crosssection containing that at the load draught, 
owing to the alterations in the forms of the planes; and iu 
the second place, the areas of these planes alter (usually by in- 
creasing), and so cause the tons per inch of immersion to ^ ary. 
Hence we have to find the ])osition of the centre of gravity 
of the water plane at which the vessel floats in equilibrium, 
and the mean tons per inch of immersion between the original 
and final load water planes (it being still assumed that the 
weight is placed momentarily, as already stated). These are 
4b I ^ 
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found by a process wbioh is neoessaiily tentafciye, and which 
we now proceed to examine. T being the tons per inch at 

P 

the load draughty and P the weight added; is approxi- 
mately the depth of immersion. Draw a line on the sheer 
draught parallel to the load water line^ and at a distance 

inches above it^ and calcuhtte the area and the position of 
the centre of gravity of this line. In maJdng the calcalation 
for the new water plane, we obtain the tons per inch at the 
new unmersion; this latter may, however, oe fonnd veiy 
nearly by continning the curve of tons per inch to the 
reqimed draught by means of a penning batten. Having 
these two ex&eme values of the tons per inch, a mean 

value may be found, especially if the curve is referred ta 

p 

Let J\ be the new value, then will be a close approxima- 
tion to the actual mean distance the vessel sinks in the 
water. Let e be the distance of the centre of gravity of 
original load water plane from the transverse section con- 
taining the centre of gravity of the ship, and be the dia* 
tance of the new centre of gravity, as just found. Draw a 
line on the sheer draught joining these points, then by bisect* 
ing the portion <tf this line betmen the ori^^nal load water 

P 

line and the line distant ^ from it, we get a good approxi- 
mation to the position of the centre of buoyancy of Hie added 
displacement. Call the distance of thk point from the 
transverse plane containing the centre of gravity of the 
ship Cgj then P (cg - c) is the moment to alter trim due to 
the form of the ship between the new and original load water 
planes; it being still assumed that the weight P is placed 
momentarily in the transverse plane containing the centre of 
gravity of the original load water plane. This moment is 
usually an upward after one, as the form of the vessel above 
the load water line is generally fuller aft than it is forward, 
it is thus equivalent to placing a weight P at a distance 0^ « 
on the fore side of the centre of gravity of load water plane, 
or a downward fore moment. 
But instead of the w^ht being pkwed assumed^ riup- 
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■ 

poae it teally situated at a distanoe I, say, on the fore side of 
• the oentro of gravify of the load water ^lane. Now to find 
the additional effect on the trim when in this position, we 
must determine the new yalue of GM^ This will evidentlj 
differ from the oiiginal value to an extent governed hj three 
oonditionB^ vis., Ist, the difference in the length of BM due 
to an alterad load water plane, and an increased displacement; 
2nd, an altered depth of B helow the original load water 
plane; and 3rd, the altered vertical position of the centre of 
gravity. The Ist and 2iid conditions will together fix the 
change in the height of if above the original load water line, 
and, taken in connection with the altered position of with 
r^ard to that line^ will give the new value of G3f. 

Two points must here be noticed, one of which is that it 
is always desirable to refer all vertical measurements to the 
original load water line, as by so doing mistakes arc pre- 
vented; the second is, that in finding the value of BM^ and 
the distance of B from the water line, we suppose the new 
load water plane is parallel to the original. We are com- 
pelled at present to do this, as we do not know the actual 
trim; but aa the moments of inertia of the assumed and real 
lines do not usually differ widely, and as the height of is 
generally very little affected by the suppositum, we are 
enabled in this way to get a good approximation to the 
moment for altering trim at the new line, and by the aid 
of this the new load water line can be closely approximated 
to. When this approximate trim is found, the moment to 
alter trim can be found from that line, and if it differs much 
from that assumed, we can make a closer approximation to 
the real trim. It is thus seen that, as already remarked, the 
process is tentative; nevertheless, as the form of a ship's 
body does not alter very considerably within the limits due 
to shifting or placing ordinary poi*table weights on board, a 
very close approximation can be found to the real trim with* 
out continuing the process beyond that indicated above. 

The preceding remarks will have almost sufficiently ex- 
plained the work involved in finding the change of dimight 
and trim due to placing a weight on board. We have lirst 
the new BM to find by using tlie parallel draught due to 
the weight being assumed to be placed at the centre of gravity 
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of the load water line. To do this we have to perform the 
work already described at Art. G6, usiDg the ordinates of the 
assuijied parallel line. Next we have to find the new distance 
of B below the original load water line. The ship evidently 
sinks until the additional displacement is equal to the weight 
added. The centre of buoyancy of this added displacement 
will be nearly midway between the two parallel water lines, 
being rather nearer the new line than the old ona Let D 
be the original displacement; P the weight added; I the 
distance of B below origin nl water line; p the distance of 
centre of buoyancy of added displacement above that line, as 
just found ; and x the distance of the new centre of buoyancy 
from the same line. Then 

a{D + P) = DxZ-Pxd 

D+F* 

If M^B. is the new valae of MB^ then M^B^ -m iB the 
height of above the original load water line. 

We have now to find the new position of which is 
evidently detennined in the same way as that of B^ it being 
known at what distance, above or below, the original water 
line the added weight is placed. In this way a new value 
of 6^Jf is foTuid: team it G-^My "From this new value we 
determine the new value of the moment to alter trim, using 
P-h D instead of D. We then proceed as before by oalen- 
lating*the moment, either before or abaft, of the added weight 
in its true position about the centre of gi avity of the new 
load water plane; this moment being divided by the ''tons 
to alter trim," gives the alteration of trim in inches, which 
must be set off in the manner already explained. If the 
alteration of trim is considerable, enough to affect the height 
of Mj^ above Bj. or B^ below the original load water line, then 
a repetition of the preceding work must be gone through, 
using now the trim just found. 

When the alteration of trim, as affected by shifting the 
weight to its true position, is found, we must make the 
allowance due to the change in position of the centre of 
gravity of the water plane, as found in the early stage of 
the question; ii., the change of trim doe to a fore moment 
of i*(c,-c). 
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As an example, suppose i> = 4000 tonsy PslOO tons, 

p 

s 20 tons. Then = = ^ the added immersion. 

Let B.M-^ at the new line, as found by calcolationy be 210 
fty and let the B of 4000 tons be at 8 ft beneath the load 
water line. Then 

_ 4000 x 8-100x'2 _^ Q 
4000+100 ^ 

which is the distance of below the original load water 
line. Hence 210- 7*8 » 202*2 ft the height of above 
that Une. 

Suppose 6^ to be originally at the water line, and, by adding 
the weight, to rise to *2 above that line; then M,G^ is 202*2 
-2=^200 ft 

The ship is, say, 200 fl. between perpendicnlars. Then 

M,Gix(P + D)_200 x 4100_ 
■ 12xWL - -T2x200"=^*^^^***™^ 

which is the moment to alter trim one inch at the assumed 

line. 

Let the weight P be now placed in its true position, viz., 
at 71 '3 ft. abaft the centre of gravity of the load water ph\ne; 
also let the value c.^ - c (the distance of the centre of buoyancy 
of the added displacement abaft the centre of gravity of the 
load water plane) be 3 ft. 

Then 100 (71-3 - 3-0) = 6830 foot-tons after moment. But 
the moment to alter trim one inch is 341 6 foot-tons, henco 
6890 

j^^jigs 20 in. is the alteration of trim. Suppose this to bo 

divided at the bow and stem in the ratio of 9:11. Then 
the alteration forward is 9 in. and aft 11 in. Moreover, the 
added immersion is 5 in. 

If the draught of water, before the weight was placed on 
board, was 

Forward, 18 ft - 

Aft 20 „ 

Then the new draught will be 

18 ft. +6 in. - 9 in. = 17 ft. 8 in. forward 
20fk.+5iii.+lliii.=21ft. 4m. aft. 

This isy of course^ a ^rst appro^dmation, but will not dijQTer 
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materially from the tiiitli if the vessel is of orclinary form. 
If considered desirable, values of GM and of the " tons to 
alter trim" at the newly found line can be calculated, and 
conections made if they are found to differ materiaJly from 
the values used. 

96. Effect on the Trim by admitting Water into the 

Ship. — In considering this question, we will assume that the 
ship is divided into water-tii^ht compartments by transverse 
bulkheads, so as to localise the water which is admitted ; for, 
owing to the fluid property of the weight thus added, it 
would otherwise distribute itself over the inside of the ship 
until its level was pamllel to that of the water surface out- 
side. In this latter case there would be a change of trim 
due to the position which the centre of gravity of the admit- 
ted water would occupy, and to the altered position of the 
centre of buoyancy of the wdiolo displacement; l)ut as the 
case is rarely met with in practice, owing to the si)acc occu- 
pied by the cargo or other contents of the vessel (causing the 
distribution of the admitted water to be very irregidar and 
diiiicult of calculation), and to the usual presence of bulk- 
heads, it is not necessary to dwell any further upon it. 

There are three principal conditions in which a ship may 
be considered to be placed by the admisaioiL of water into 
her interior. 

1. When any compartment is JiUed with water whicJi is not 

in communication with the sea. 

2. When any cornpartment is partially JiUed with water 
which is not in communication vnth the sea. 

3. WJien any C077ipartment has water in it tvhich is in free 
communication loith, and ivhich can 7ise to the level of the sea. 

We wall now consider the tiiin of the ship in each of these 
three conditions. 

1, In this case the water, being confined, cannot change its 
form or position, and hence has the same effect ui)on the 
trim of the ship as any solid body of the same weight, and 
in the same position. The water carried in tanks for the 
use of tlic crew or passengers, also any otln^r li(pud can-icd 
in barrels or tanks, are instances of this kind. A more 
general case is that of water ballast carried in cellular spaces, 
or Bttch a compaitment as au iron-ca^ed magaziuo when 
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entii'ely flooded. The double bottoms and smaller compart- 
ments of a ship when fitted with an iron crown, and filled 
with water by flooding cocks, are also examples of this kind. 

JFTien the iron crovm of such a cojiipartment is below the 
water level the condition of communication with the sea does 
not affect the question, as the water being unable to alter its 
form or change its position, it may be considered either as a 
weight carried or a loss of an equivalent displacement at 
that part. (See B, fig. 1, Plato XX.) 

2. In this case (see D, fig. 1, Plate XX.), the water being 
free to alter its form, and therefore its centre of gravity being 
free to move within certain limits, the problem becomes 
more complicated; and that, too, just in proportion to the 
horizontal area of the compartment containing the water. 
Still, as the weight remains constant, we are enabled by a 
tentative process to anive at a close approximation to the 
alteration of trim produced; it being rememl)ered that, in all 
these conditions, we imagine the ship to be floating at rest in 
still water when the compartment is partially filled. It will 
be easily seen that if we start by assuming the level of the 
water admitted to be parallel to that of the sea, we can deter- 
mine the position of its centre of gi'avity in that position, 
and then, by the process described in the preceding Article, 
find the altei-ation of trim produced upon that supposition. 
Then if we draw a line, parallel to the new load water line, 
for the surface of the water in the compartment (taking care 
that the volume remains constant), and then find the altera- 
tion in trim due to shifting the centre of gravity of the water, 
the result will be a close approximation to the real trim. If 
the area of the compartment be large, compared with the 
size of the ship, it may be necessary to make a second or 
third correction; but this must be left to the discretion of the 
calculator. 

Instances of the kind just named are foimd in the cases of 
bilge water, and ballast tanks or double bottoms when only 
partially filled. Grain or coal cargoes, when the hold is not 
filled and due precautions against shifting are not taken, are 
instances which approximate somewhat to that considered. 

3. We have finally to consider a case (see A and (7, fig. 1, 
Plate XX.) which has often occurred| and for wluch duo 
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provision will be made in eveiy properly constnicted ship. 
It is such a case aa occurs when water is admitted into ono 
of the compartments of a ship by a hole in the bottom. Now 
it is evident that the trim is affected by such an accident in 
proportion as the compartment pierced is near either of the 
extremities of the ship. Consequently, in Her Majesty's 
ships the compartments at the bow and stem arc made as 
small as is convenient, and when two consecutive transverse 
bulkheads near the extremities are not sufficiently close to- 
^^ther, an iron water-tight flat, below the level of the water 
line, is fitted between the bulkheads so as to place the shi]) 
when pierced below that flat in the first condition considered 
in this Article (see B fig. 1, Plate XX.), and, if pierced above, 
in a far less dangerous condition than if the flat were not there. 
In the case we are now considering {A and C, fig. 1, Plate 
XX.) the water flows freely into the ship through an aperture 
in the side, and rises to the level of the sea. It may Ije that 
the whole compartment is filled to that level from tlie keel 
upwards, or the hole is above a water-tight flat; the principle 
is the same in both cases, the eftects differing only in degree. 

It will be seen that the ship is then in the same condition 
as if the displacement due to the volume of the admitted 
•water were removed from that part of the immersed body at 
which the filled space is situated. If the whole compartment 
is Med from the keel to ihe surfoce of the sea {C, fig. 1, 
Plate XX.), the result is the same as if the ship consisted of 
two pieces distant from each other the length of the oompart- 
ment, yet tied rigidly together by the de<w and ddes, and if 
the water is admitted abore a water-ti^t flat (see ^i, fig. 1, 
!Plate XX.), the two pieces are joined nirther by a buoyant 
block beneath the snHaoe. In both cases the same considera- 
tions are involved — the weight caniedy and therefore the 
displacement remain constant^ the centre of buoyancy is 
shifted, while the moment of inertia of the load water line is 
diminished. The depth of immersion is, of ooursey increased, 
in order that the displacement may be the same as it was 
before the support due to the portion of the immersed body, 
now filled wi^ water, was removed. We have given, then, the 
volume of the space filled as high as the ori^^ial load water 
line, and the position of its centre of buoyancy, the area of 
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the portion of tho load water line included between the 
bounding bulkheads of the compartment, also the total dis- 
placement and the position of its centre of buoyancy before 
piercing the side of the compartment, to find the new trim 
and immersion. The solution of this problem is also neces- 
sarily a tentative one. 

We have first to find the depth to which the ship sinks, 
supposing the centre of biioyancy of the admitted water is in 
tho transverse section which contains the centre of gravity 
of the load water line ; that is, supposing the ship sinks to a 
line parallel to the load line. Let F= volume of water 
admitted as high as original load water lino, T=tons per 
inch of immersion at that line, found by neglecting the area of 

the load water plane between the bounding bulkheads of the 

V 

oompartment filled. Then ^ is an approximation to the 

depth in inches througli which the vessel sinks. If the " tons per 
inch " remain constant through the increased immersion, then 
V 

'^is the exact depth; if not> a second approximation must be 

made by using the new line in a somewhat similnr manner to 
that described in preceding Art. If the additional immei'sion 
is considerable, so as to alter the form of the load water plane, 
and therefore shift* its centre of gravity, the position of tlic 
latter must bo computed, and the usual forward moment duo 
to the fullness of the ship aft must be o])tained in tlie manner 
likewise explained in the preceding Article. Lot this be V 
(cg - c), using the same symbols to indicate this movement of 
the centre of gravity of the plane as before. Now, consider- 
ing the centre of buoyancy of the water admitted to be in its 
real position, viz., at a distance I on the fore side (say) of the 
centre of gravity of the load water plane, w^e have T x ^ = the 

fore moment produced, and s the distance the centre of 
buo3ran<7 is moved forward. 

Kowy in order to determine the effect upon the trim due 

* The centre of gravity of the load water plane is already shifted 
from the position it occupied prior to tlie loss of area between the 
bounding bulkheads of the compartment filled. It is witli regard to 
these already shifted positions that we determine the new position 
due to extra immendon. 
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to a forward moment of Fx ^ we must find the value of or 
the moment to alter trim one inch in the new oondition^ and 
henoe we require the new yalue of if 10^. Todothis, we must 
find the moment of inertia of the effeotiTe load water plane 
(ue., the new load water plane minus the part of it in the filled 
e(»npartment), and then divide by i> in the ordinary way. 
For example, if in the ship whose longitudinal metaoentre is 
calculated upon Table L a compartment extending from 
ordinate 8 to ordinate 10 is filled with water so as to prsoti'- 
cally cut it off from the ship in the way we are considering 
then, supposing the ordinates of the load water line to be 
unchani^ we should have to multiply the ordinates 13*8, 
12*8, and 10*3 by Simpson's multipliers 1, 4, and l,and then 
by the same multipliers for moments and moments of inertia 
as are used in the Table, and, finally, lareat the sum of the 
functions similarly to those of the whole plane, and deduct 
the result from 112,693*68 (see Table L), whereupon 
dividing the remainder by the displacement 620*58, which 
remains unaltered, the quotient would be the value of BM 
in the new condition of the ship. The vertical position of 
B has next to be found, to do which we must find the centre 
of buoyancy of the water in the compartment to the height 
of the original load water line; having found which, the new 
position of B, vertically, is determined in the manner de- 
scribed on page 1 32. From this the height of M above G is 
at once found, as the position of G does not change. Having 
MG — ^the value of is found from the equation 

MGxD 

^*~ 12xWi; (See Art. H and £g. 2, Plate XIX.) 

where fFL is the length between perpendiculars. 
But the total moment altering the trim is 

Vxl + Y {c^-c), 
and thus the total alteration of trim iu inches, 

which in onlinary cases, where the extra immersion is not 
very great^ becomes 

Vxl 
FT" 
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draught of water to be 

Forward = A. 
Aft = B. 

tlie new draaght is (su2)posing the alteration to be equal 
forward and aft). 

V Yxl 
Forward = x"*"2B7 

Aft = B+^-^l 

Should the alteration of trim be considerable, it may be 
necessary to use the above result as a first approzimation, 
and obtain the values of and T for a new load line, 
starting with this approximate line as a basis. Erom this a 
suffidentlj correct result for all practical purposes will be 
obtained. 

97. Klbet on the Stability by moving a Weight 
already on Board. — As the stability of a ship increases as 
tiie value of MG increases, hence as the point M remains 
constant while the draught and trim is unaltered, it is evident 
tiiat by moving a weight, already on board, in a vertical direc- 
tion, ti^e value oiMG, and therefore the stability, is increased 
if the weight is lowered and decreased if the weight is raised. 

If, however, the weight is moved longitudinally as well as 
vertically, the height of M above the water line will vary 
according to the form of the new load water plane and the 
alteration in the depth of the centre of buoyancy. Usually 
it requires a considerable moment to be produced by the 
longitudinal movement to cause any very appreciable differ- 
ence in the height of if above the load water plane; hence, 
practically, it is sufficient to say that the movement of a 
weight*on board a ship increases or diminishes the stability 
according as the new position, occupied by the weight, is 
below or above the levd of its original podtipn. 

98. Effect on the Stability by adding or removing a 
Weightw-T-'If ^0 weight added or removed is considerable, 
tiie sur&ce stability must be calculated (see Art. 70) to the 
new load water line, the latter being determined by the method 
e^ilained in Art 95. Then the new position of the centre of 



Digitized by 



140 THEORETICAL NATAL ABCBITECmmSi 

gravity of the ship must be found, and the oomction due to its 
position made in the manner aliown in Art 88, whereupon 
we have the actual statical stabiliiy in ihe new condition 
with the weight added or removed. 

To find the new position of the centre of gravity — ^Let d 
he the distance of die original position below the load water 
line, and a the distance of the added weight F below that 
line, then di the distance of the new centre of gravily below 
the original load line is 

For moderate alterations of lading, it is unnecessary to go 
through this laborious process, as there is an easier method 
of finding the alteration of stability with sufficient accuracy. 
This metiiod, due to Mr. F. K. Barnes, we now proceed to 
give in the words of that gentleman.* 

^* Since the positions of the centres of gravity of ships are 
in general but roughly approximated to, it becomes important 
to be able to dispense with the knowledge of the exact position 
of the centre of gravity of a ship, and to compare the stability 
under given conditions with the stability under other con- 
ditions, the differmce of the two cases being known. 

<<In fig. 2, Plate XX.— Let fTL represent the water line 
of a ship, G her centre of gravity, J3 her centre of buoyancy. 

Let the ship be now inclined about the fore and ait 
Iiorizontal axis through an angle /. Let JB' be her new centre 
of buoyancy. 

Through B' draw B^M vertical, and cutting the original 
vertical through B in the point if. Also through B and G 
draw BP and GZ^ respectively, perpendicular to B'M, 
** Then if FT represent the displacement of the ship— 

Stabfiity = WxGZ 

= WxGMsinI 

= Wx{BM-BG) sin T 

= W.BM sin I - W.BG sin T. 

"Now W.BM sin I =W.BP =h.A., where A represents 
the volume of either of the wclgcs of immersion or emersion, 
and h the distance between the centres of gravity of these 
wedges. 

* See SIdpbuMingt TiiMretkcU and Practical, p. 54. 
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Suppose tiie ship to be once more npright; and let a 
weight w (tiie same unit being taken as for the displacement 
W) be placed on board of her, causing her to sink in the 
water until W-^L^ becomes the new water line. 

Let the distance of the common centre of gravity of the 
weight or weights w added, above the original centre of 
buoyancy; be represented by a. 

Let also e represent the distance of the centre of gravity 
of the additional displaoementi above the original centre of 
buoyancy. 

*^ Let and represent the new centres of buoyancy 
and gravity, respectiydy, €i the ship. 

" Let the ship be now inclined as before, about a fore and 
aft axis, through the angle /. The centre of buoyancy is 
found at a point 

''Throu|^ B'l draw B'^M^ vertical, cutting the original 
vertical BGJIf in M^; and through B^ and G-^ draw B^Pi and 
G^j^j, respectiTely, perpendicular to B^M^. 

''The stability is now represented by — 

(W+tp) G^Z,^{\y + w) GiM^ sin! 
= (W + ?t') (BjMi - B:Gi) sin I 
=(W+w) BjM, am I-(W+t£>) B^Q^ am I (A) 

«But {W-¥w) {B.M^ sin /) = (!F+w) B^P^ = \A^, where 
represents the volume of either of the wedges of immersion 
or emersion, corresponding to the water line IT^Zi, and 
represents "die distance l^tween the centres of gravity of 
those wedge& 

Again B, Gj = BO + 00^ - BB, ; 
(W+w) B,Gi=W.BG + M?.BG + (W + tiJ) GG, - (W + w^BBj. 

But ta.BG + (W 4- u') GG, =the moment of the weights added (w)- 
about the original centre of buoyancy = tt'a. 

Also (W + u?) BBx=the moment of the additional displacement 
abont the original centre of baoyancy =ioe. 

" Substituting these values for their respective quantities 
in equation (A) ; the stability of the ship at the inclinatiua 
/ corresponding to the water line W^L^ — 

= 6iAi - W.BG sin I - w; (a - c) sin I (B) 

The stability corresponding to the water line WL^ when 
the inclination of the ship is / from the upright position — 

=6A-W.BGrinL (C) 
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''Subtracting equation (C) from (B) it is found that the 
difference of the stabilities of the diip under the conditions 
above stated — 

Aj - (A -to (a-e) sin I (B) 

" Ships are commonly of such a form in the neighbourhood 
of the load water line, that^ with a slight increase in the 
draught of water, the form of the new load water section is 
neaiij the same as that of the original load water section. 

"Also if the ship be inclined about a fore and afb axis, 
through the same angle, the wedges of immersion respectively 
corresponding to the two draughts of water will be very 
nearly the same; that is, see equation (D), 

*6iAi is practically equal to 6A; 

and the difference in the stability of the ship at the two 
draughts of water becomes = -w(a-c) sin /. 

Consoqiiontly, if the centre of gravity of the weights 
added be situated in the same horizontal plane as the centre 
of gravity of the additional disj)]acement (that contained be- 
tween the water lines W^L^ and WL), in which case a ~ c, 
the stability of the ship will be the same at the two draughts 
of water. 

" If the centre of gravity of the weights added be above 
the centre of gravity of the additional displacement, i.e., if 
a be greater than c, the stability will be diminished by the 
quantity iv {a — c) sin I. If the centre of gravity of the 
weights added be below that of the additional displacement, 
in which case c is greater than a, the stability is increased 
by tlie quantity w (c — a) sin I. 

*' If c — a = GMy the height of the metacentre above the 
centre of gravity will not be altered by the additional 
lading." 

The author then proceeds to show that, " In a ship floating 
at a given draught of water, if some of her weights have to 
be removed, the alteration in the stability by the removal 
of the weights can also be ascertained in the same manner*" 
The following are the results obtained : , 

" If the ship be of such a form as to give 

6A=6jA]. 

Then to (a - c) sin / will represent the increase in the stability 
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by the removal of the weights. That is, when a is greater 
than Cy or the centre of gravity of the weights removed is 
situated above the centre of gravity of the diminished dis- 
placement (between W-^L^^ and TFZ), the stability of the ahip 
is increased by the removal of the weights. 

" When the centre of gravity of the weights removed is 
situated in the same horizontal plane as that of the diminished 
displacement, the stability is the same as it was before the 
weights were removed. 

"When the centre of gi'avity of the weights removed is 
situated below that of the diminished displacement, in which 
case c is greater than a, the stability of the ship is diminished, 
by the removal of the weights w, by the quantity w (c - a) 
sin /. If c - a = GM^ the height of the metacentre above the 
centre of gravity is not altered by the removal of the weights.** 

As already stated, when tlio weight or weights added cause 
the ship to sink to such a depth that tliere is a material 
alteration in the form of the load water plane, and hence in 
the forms of the wedges of immersion and emersion, it becomes 
a laborious task to calculate the stability in the new condition. 
As, however, it is not so much the actual stability that is 
required as the relation between the altered and the original 
stabilities, an easy method of det^ermining this alteration has 
been suggested by Mr. F. K. Barnes.* This method we wDl 
now state in the author's words : — 

" In ships of a common form the ratio of the stability of 
one ship to that of another will' be always substantially the 
same for ordinary equal inclinations, and nearly the same as 
the ratio of their stabilities when the inclination is evanescent. 
In the latter case the points in which the verticals through 
the centres of buoyancy corresponding to the inclined posi- 
tions cut the original verticals through the centres of buoy- 
ancy corresponding to the upright position, are the meta- 
centres. 

"Referriug to fig. 2, Plate XX., suppose the angle /to 
be exceedingly small; then the points M and M■^^ are the 
metacentres corresponding to the water lines WL and TFji/^, 
respectively. 

" Using the same notation as before, and taking the case 
* Shi^buUdingf Theoretical and Practical^ p. 56. 
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where the wei/^hts w (nieasui'ed in cubic feet of sea-water), 
are put on board of the shi]) whose displacement in cubic feet 
of sea- water is W — 

The stability corresponding to tlie water line WL 

=W(BM-BG)8inI, 

and the stability oorresponding to the water line fT^^^ is 

=(W+t9)(BiM-BiOi) on I, 

and these may be represented relatively by 

W.BM-W.BG and 
(W + K') BiMj -(W + tf>) BjG,, respectively. 

"Now JF.BM mRj be obtained from the table used for 
calculating the height of the metacentre corresponding to the 
water line JFL. (See Table I.) 

" Let this quantity be represented by M. 

"Also (JF+w) B^M^ may be taken from the table in which 
was calculated the height of the metacentre corresponding to 
the water line W^Ly Let this quantity be represented by 
M^t then as before : 

B,G,=BG + nG, -BBi 
and ( W + u?)BiGi = W. BG + lo. BG + ( W + w)QG^ - (W + to)BBx 

=W.BG-|-M;(a-c), 

where a is the distance of the centre of gravity of the 
additional weights w put on board above the original centre 
of buoyancy; and c is the distance of the centre of gravity 
of the displacement between the water lines WL and W-^L^^ 
above the oric^inal centre of buoyancy. 

The stability of the ship in the two conditions may there- 
fore be represented by 

M-W.BG, 
and Ml - W.BG -w{a-c) respectively, 

and the alteration in the stability, by the addition of the 
weightSi may be represented by 

''And if the position of ^ be known or assumed, the pro* 
portionate loss or gain of stability will be readily found. 

99. Effect on the Stability by admitting Water into the 
sup. — ^In considering this question we must make the same 
MSumptioDS with regard to the division of the ship into 
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water-tight compartments, as when considering the effect on 
the trim (see Art. 9G), with the further a(hiition of longi- 
tudinal divisions which do not affect the principles involved 
in calculating the trim or longitudinal stability. 

I. If the water is admitted into a compartment with a 
water-tiijlit crown so as to fill it, then if the crown is always 
below the level of the sea, whether the water in the compart- 
ment is in free communication with the sea or not, its effect 
upon the stability is the same as that of any solid body of 
the same weight whose centre of gravity is similarly situated. 
(See preceding Article.) 

II. If the compartment is not filled, and the water is not 
in free communication with the sea, the centre of gravity of 
the water moves towards the same direction as that to which 
the ship is inclined, and thus the upsetting moment due to 
the position of the centre of gravity of the weights in the 
ship is inci'eased. The determination of this upsetting 
moment at any angle of heel involves a calculation of the 
moment due to the position of the weights previously in the 
ship added to the upsetting moment due to the weight and 
position of the centre of gravity of the water in l£e hold 
when at that angle. The positions of £ and M will also be 
affected by the increased immersion, and thus the surfiEtce 
Btability at the particular angle must also be calculated anew. 

An instractive method of considering the question is to 
determine the initial stability of the ship in the case under 
notice. A comparison of this with the initial stability, as 
determined by &e metacentric metiiod in the normal condi- 
tion of the ship without water in the compartment, will 
give a criterion whereby &e stability of ihe ship may be 
judged. Any inyestigation of this kmd, howev€r, n^lects 
the dynamical effect of the rolling of the water from side to 
side, whioii causes the ship to heel oyeir fieurther than a slatical 
consideration of the question would proyide for; the dyna- 
mioftl effect being, indeed, the great source of danger in any 
case of shifting cargoes of a fluid or semi-fluid character. 
This dynamical effect is beyond the reach of prior calculation, 
as the period of the vessel's rolling cannot be predicted with 
certainty. 

To determine the value of OM in a case of this kind, we 
4b K 
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may proceed as follows: — Fig. 3, Plat<^ XX., shows a trans- 
vei*so section of a ship which is siijiposcd to be inclined 
through a small angle 0, the figure being purposely exag- 
gerated for the sake of clearness. WL is the upright and 
TF^/^j the inclined load water pianos when the water is in 
the ship; the an;j^lc being supposed to be small, these planes 
are similar in form and of equal area, wl is the surface of 
the water in the hold when the ship is upright, and loj^ is 
its inclined surface. The whole displacement is termed D, 
and d is the volume of the water in the hold. The centre of 
buoyancy of the former is shown at and of the latter at by 
while their positions in the inclined condition are shown at 
Jj^ and respectively. 3f is the metacentre obtained by a 
perpendicular from ^j, and m that obtained by a perpen- 
dicular from b^ in the inclined conditions. It will bo 
remembered that a small angle of inclination is being con- 
sidered. The centre of gravity of the ship is shown at G. 

Using the symbol oc to represent the expression ''varies 
(IS," we find 

Moment of stability at angle 4 a (D. 0;M - dCl m) 

« D(BM - BG) - dibm - bG) 

« D.BM - dim - (B.BG - (1.56). 

But using the expression 1^ to represent the moment of inertia 
of the load water plane, and I., that of the plane of the sur- 
face of the water in the hold, we have 

■n.BM=ii 

and d.bin = I^ 
also D.BG-ff.6G = (D-rf)/30, 

•where /3 is the centre of buoyancy of the displacement between 
WL and wL 

Henoe aunnent of stability oc - 1, - (D - d)fiQ 

and the virtoal CT= ^— / - /SG, 

D-a 

The moment of stability at an angle 0, bo small that m and 
M may be considered fixed, is 

It is obvious that this investigation affords only as much 
information as can be obtained by the use of the meta- 
centric method f besides which, the water in the hold being 
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free to move, the actual stability at a small angle of heel will 
be less than the above unless the vessel is inclined very slowly. 

III. If the compartment is filled with water to the level 
of tlie sea — with which it is in free communication by means 
of a hole in the bottom, and its motion as the ship heels is not 
constrained by a water-tight crown, but its surface is always 
at the same level as that of the sea — then the ship is in tho 
same condition as if the portion of the immersed body be- 
tween the bounding bulkheads was removed, and support 
due to the displacement of that portion taken away (see Art. 
96). In this case the ship sinks deeper into the water until 
the volume of displaced water above the original water line, 
outside the bounding bulkheads, is equal to the volume of 
displacement lost by admitting water into the compartment. 

In a paper read before the Institution of Naval Architects, 
in the year 1867, Mr. F. K. Barnes has investigated the 
effects on the stability of a vessel, of which the transverse 
vertical sections are all equal rectangles, due to filling water- 
tight compartments with water, using different ratios between 
the depth or draught of water and the breadth of the vessel. 
These investigations are of three kinds, viz., for compart- 
ments bounded by transverse and longitudinal water tight 
bulkheads, and by horizontal water-tight flats. As the paper 
is too lengthy for complete insertion, we will content our- 
selves with stating the results arrived at therein. It must 
be remembered that in each case the compartment is supposed 
to be quite empty before the water is admitted — that being 
the most unfavourable supposition — also that the thickness 
of the sides and frames are neglected, these being supposed 
to be of iron. Tlie centre of gravity is also assumed to be 
above the centre of buoyancy, as is the case in nearly all ships. 

First, when a ship is divided into water-tight comixirtments 
by ti'ansvei'se vertical bulkheads, the distance between wliich 
are yj^, and J the length of the ship— a separate 

result being obtained for each case. 

"When the l)readt]i is equal to the depth, and to twice tho 
de]-»th, tho lieight of the metacentre above the under side of 
keel is gi'catcr after the compartment is injured than it was 
Ijefore. Consequently, also, tlie stability of the ship is in all 
these cases greater after the compartmeiit is injured than it 
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was ljef()re. It follows, tliereforo, that if sufficient freeboard 
be given to such ships to admit of their immersion being 
increased to the extent due to the volume of any one or more 
of its comi)artments, they will be c^uite safe when the com- 
partments are injured. 

** It also follows that shij)s of the above form and relative 
proportions would be lost liy going down bodily in the water 
and losing their freeboard, and not from losing their stability 
and turning over. 

" The same remark is practically applicable to the case in 
which the breadth is erpial to three times the depth. 

" Where the breadth is equal to four times the depth, the 
metacentre falls slightly betwccm the limits taken ; but it 
rises again as the bulkheads are placed nearer the extremities 
of the ship, i.e., when they are more than half the length of 
the ship apart. 

"As the Iwcadth increases above this in proportion to the 
depth, the relative dej)ression of the metacentre by injury to 
the compartments will bo increased; but it must be borne 
in mind that in such cases the metacentre, before injury to 
the compartments, would be exceedingly high. 

" The Second case is that of an iron ship divided into water- 
tight coin[)artinents by longitudinal vertical bulkheads." 
Two Imlkhoads are chosen, each being taken at the several 
distances of -i-J(y, yV' 1' '"^^^^ h* breadth of the ship, 
measuring fi-om her side, and a cummunication is assumed to 
bo " made from side to side, so that when the compartment 
on one side is filled, the compartment on the other side is 
also filled." The results are iis follow : — "Where the breadth 
is equal to the depth, the height of the metacentre above the 
bottom of the vessel is greater after the compartments are 
filled than it was before ; and since, from the suppositions wo 
have made, the centn' of gravity of the sliip itself is unaltered, 
the ship, if stable befure the compartments are fi.lled, will be 
more stable after they are filled. 

" When the breadth is equal to twice the draught of water, 

* When the bulkheads are each at one-half the breadth of the 

vessel from tlic side, they coincide at the middle lino, and tluis the 
vessel is tilled with water. The centre of buoyancy and metacentre 
then coincide at an infinite distance above the kcuh 
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tlie metaccntrc descends when the vertical longitudinal bulk- 
head is very close to the ship's side, and it reaches its lowest 
position ^^ lien the bulkheads are fixed somewhere between 
one-fourth and one-teatk of the ship's breadth from the ship's 
side. 

" From this position, as the bulkheads are placed nearer 
to the middle line, the metacentrc continually rises as they 
approach the middle line. The same remarks a])ply when 
the bread tli is equal to four times the draught of water ; but 
the lowest position of the metacentre will not be reached 
until the bulkheads are relatively much nearer to the middle 
line than when the breadth of the ship is equal to twice tlie 
draught of water.'* 

The Third case is that of a ship divided into water-tight 
compartments by horizontal flats, each compartment being 
made to communicate with the upper deck of the ship by 
means of small water-tight trunks. 

The simplest condition is when a compartment between 
any two horizontal flats becomes suddenly filled with water. 
This case has already been considered. 

" If any of the lower com])artments of such a ship were to 
become filled, it is evident that the stability would always 
be gi'eater after the compartment was filled than it was bo- 
fore, and would inci*ease with the size of the compartment, 
and also with the distance of its ceziti*e of gravity below the 
water." 

The case remaining "is that in which a ship, divided into 
"Water-tight compartments by horizontal flats, has one of these 
compartments only slighly injured." We have already re- 
ferred to this conditic)n ; the results which Mr. Barnes has 
investigated are as follows: — 

" When the ni)per surface of a horizontal flat, situated at 
the load water section in a ship of the usual form (of which 
the centre of gra^•ity is above the centre of buoyancy), be- 
comes covered only to a slight depth with water, the ship 
will not swim with its longitudinal diametrical plane vertical, 
since the equilibrium of the ship when that plane is vertical 
is one of instability. 

"The same is also true of a ship with its sides vertical 
throughout, at whatever height the water-tight flat, which is 
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covered with water, may be situated, pro\T[ded the centre of 
gravity is above the centre of buoyancy; and more generally 
still when, under similar circumstMices, the moment of inertia 
of the plane of tlie surface of the water on any deck about a 
longitudinal axis is equal to or greater than that of the load 
water section abont its longitudmal axis. 

"Sneh ships, in the condition above described^ would 
generalljhaYe two positions of stable equilibrium, one on 
each side of what is the upright position before the water is 
on the deck, and the inclination of the two positions of 
equilibrium to the upiight position would increase with the 
quantity of water on the deck." 



* 
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CHAPTER IV. 

CALCULATIONS OF THE WEIGHTS AND CENTJiES 
OF GKAVITY OF SHIPS. 

PreUnUniary CaletUaiiona: Approximation to Wei^t of Hull— To 
Centre of Gravity — To C^tre of Buoyancy— To value of GM. 

Detailed Calculations: Armour — Backing — Deck riatiiig — 
Bottom Plating — Expansion of Bottom — Bottom I'lankiug — 
Deck Beams — Plating — Flats — Bulkheads — Transverse Framing 
Metbod with Cams— Longitudinal IVaim— littings. 

100. AfitkmeUeal OalimlatioiiB of the Weights and 

Oenties of Oiavity of Ships.— When a ship is built^ 
equipped, and afloat, her weight is accurately determined by 
oidculating the weij^t of the volume of wivter displaced by 
the ship when floating at the observed draught of water. 
The sheer draught used in this calculation should be copied 
from the mould loft floor, as the lines there drawn represent 
the actual form of the ship with greater accuracy than the 
lines on the construction sheer di^ught To ensure still greater 
accuracy, the form of the body is sometimes copied from 
the ship when on the building slip, or when in dock; but 
owing to the difficulty of " taking off" the ship in this way, 
and the liability to error in the process, the lines on the 
mould loft floor are generally employed, the work beiag 
simpler, and the result usually as accurate. 

The centre of gravity of the ship being in the transverse 
section of the ship which contains the centre of buoyancy, 
and the position of the latter having been calculated from 
the drawings just referi'ed to (see Table L), the longitudinal 
position of the former is therefore at once known. 

The vertical position of the centre of gravity is found by 
the method described at Art. 90. 

If the ship is incomplete when the draught of water is 
observed^ and the experimento made, or if it is desired to 
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obtain her weight and the position of har centre of gravity, 
when any of the items of the equipment are removed, the new 
displacement, and the new position of the centre of gravity 
are found by the methods described in the preceding chapter. 

In this chapter we propose considering the method of cal- 
culating the weight and position of the centre of gravity of 
a ship from her drawings before slie is built, or even the 
design is given to the builder; in order to ensure that she 
.shall lloat at the required draught and trim^ and have the 
requisite stability when equipped and afloat. 

101. Preliminary Calculations. — We may here remark 
that in tlic earliest stages of a design it is necessary that the 
designer should know, approximately, the weight of the pro- 
posed ship, and the position of its centre of gravity. This 
is not the i)lace to notice the considerations which influence 
the naval architect in deciding upon the protection, arma- 
ment, speed, stability, etc., necessary for the ship of war; or 
the accommodation for passengei's, cargo space, speed, etc., 
for the merchant ship which he is designing. Even the nitio 
of length to breadth, and the most suitable draught of water 
are also questions which involve considerations of sxich im- 
portance, and demand so much space, that duo justice could 
not be done to them in the limits of this small volume. 
Indeed, it rarely becomes the duty of the naval architect to 
make a thorough investigation of these principles in fixing 
upon his dimensions, for he is usually aided by the experience 
obtained from other vessels which partake, in some respect 
or another, of the characteristics of the intended vessel. 
Even the question of the scantlings employed in the con- 
struction, upon which the weight entirely depends, is usually 
settled by reference to other vessels whoso behaviour at sea 
is known, and whose strength has been jirovcd; although 
the skilful designer is always on the alert to mako such im- 
provements in the sizes and an*angcments of the materials 
employed as shall reduce the weight, while the strength of 
the vessel is at least retained at its original amount; Jn the 
merehaat nayy tihe scantlings are usually fixed by the Bules 
of Lloyd's E^gistor of Shipping, or of the Liverpool Eegistry. 

In ezpIainiDg the manner in which the dengner proceeds 
to determine approximately the weight of a ship that he is 
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about to design, and the position of its centre of gravity we 
will take the case of an ironclad ship, as that will include all 
the considerations that ever occur in any vessel whatever. 

Let us suppose then that it is required to design an iron- 
clad vessel for any special kind of service, and that by the 
aid of experience already acquired, it is believed that a certain 
number of guns, protected by a certain thickness of armour 
and backing, with armoured decks of a specified thickness, 
also ammunition, stores of all kinds, engines and boilers to 
give the required speed, and coals enough to last a certain 
time at that speed, can be carried by a ship of a certain length, 
breadth, and draught of water, having Uxie» sufficiently fine 
to render the required speed possible, and snfficientlj stable 
to be seaworthy and s^e. We have to discover whether 
such a belief is accurate. 

The question of engines, boilers, coals, fineness of lines, and 
speed, will be considered in Part Y.; but at present we 
will take it for granted that these are determined, and it 
remains to be discovered whether the weights can be carried 
upon the trial displacement, and whether their common centre 
of gravity is suitably situated for the required stability and 
trim. 

The question of scantlings can be readily settled by refer- 
ence to specifications of ships of similar character already 
built, making any alterations suggested by experience, or 
rendered necessary by circumstances. 

The available displacement is approximately found by 
multiplying together the proposed length, breadth, mean 
draught of water, and a co-efficient of fineness of displace- 
ment thought suitable for a vessel of the kind being designed, 
in order to attain the required speed. A Table of these co- 
efficients for typical vessels is given in Art 59. 

For the purposes of calculation it is desirable to divide the 
total wei^ts in a ship into two divisions, viz., huU and 
equipment. The former includes all that composes the ship 
proper, without masts, rigging, anchors, cables, etc The 
latter consists, as the name implies, of the stores and outfit, 
including provisions, rigging, guns, ammunition, and cargo. 
The hull of an ironclad is again subdivided into the hull 
proper and armour. The former consists of the structural 
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parts of the slii{), and the latter of the protective material, 
such as armour plates, backing, and protective deck plating. 
The hull j^foper is the first element whose weight and centre 
of gravity is calculated. This is generally the largest item 
of the total weight even in an ironclad shij), while in a 
merchant vessel it includes everythini^ })ut the equipment. 

102. Approximation to Weight of Hull. — An excellent 
approximation to the wciglit of hull i)ro})er is obtained by 
moans of a coinpurison with the corresponding weight in a 
vessel of similar description and scantlings already built; the 
latter being, of course, found by deducting from the displace- 
ment at any draught those weights which do not belong to the 
hull proper. This approximation is found by midtiplying the 
girth of each vessel around the upper deck, sides, and bottom, 
at midships, by her length on the load wjitor line; then use the 
ratio : As the girth of the vessel alreivdy built is to the girth of 
the proposed vessel, so is the weight of liull proper in the former 
to tli;it requii*ed of the latter. In the case of an armoured 
vessel, or one in which items occur which do not occur in 
the vessel whose weight — neglecting the equipment — is 
known; or when there are fittings or weights of any kind in 
the construction of the known ship wdiich will not be required 
in that proposed; it is usual to calculate the weights of these 
portions in the case selected and deduct them from the total 
weight of the hull, and then, using this weight, by the aid of 
the ratio just referred to, the w^eight of the corresponding 
portion of the structure of the pro2:>osed vessel may be 
approximately found. For instance, in the case of an 
armoured ship whose weight it is required to determine 
approximately in the early stage of a design. Suppose the 
total weight of another ii-onclad shi|) of rather different 
dimensions, but of about the same scantlings as that which 
is to be designed is known. First, deduct from the total 
displacement all the weights constituting the equipment; 
and the remainder will be the weight of the hull of the 
ship. Next calculate the weights of armour, backing, 
protective deck plating, and any other portions of the ship 
which do not belong to the hull proper, and deduct these; 
the remainder vrill be a weight of hull which can be used 
for comparison. Obtain the products of the lengths and 
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girths ill the two cases, viz., those of the kuown ship and 
of the design, and by means of the I'atio thus found deter- 
mine the weight of hull proper in the proposed ship. Where- 
upon knowing the extent and thickness of armour, backing, 
etc., proposed for the intended sliij), their Aveights can bo 
calculated, and then when added to the approximate weight 
of hull proper, found by using the ratio, the total weight 
of the hull is determined. By adding to this the weights 
required for equipping the ship for her intended service, the 
total displacement which is necessary to flout the proposed 
vessel, at the draught of water fixed upon, is at once known. 
By comparing this result with the displacement already 
found, we are able to discover whether the designer's inten- 
tions are feasible, and if the displacement is not enough, 
we have then to find how much the ship must be either 
lengthened widened, deepened, or the lines filled out, accord- 
ing to circumstances, in order to get the necessary displace- 
ment; or how tiie weight of the hull or equipment may 
be reduced. 

103. Approximation to position of Centre of Gravily. — 
liVliile making the preceding preliminary calonlations for the 
approximate weight of hull of the proposed ship, we might 
at the same time have determined, approximately, the position 
of its centre of gravity. The methods and artifices adopted in 
making the several calculalaons wOl be referred to hereafter 
in this chapter; we are now merely pointing out the means 
by which approximate results may be found, which will be 
sufficiently correct to enable the designer to proceed with the 
drawings, etc., of the yessely without having to make any 
considerable alterationB or modifications when the results of 
the detailed calculations are known. 

The position of the centre of gravity of the somewhat 
similar ship is supposed to be known, so that having her 
drawings before him, the calculator is able to determine pretty 
accurately the positions of the centres of gravity of the 
several items of the equipment, also of tiie armour, backing, 
protective deck plating, eta, which he removes from the 
ship in order to roduce her to a state whereby a comparison 
may be instituted with a similar part of the intended ship. 
By this means the height centre of gravity above the under 
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Bide of keel,* also its longitudinal position with reference to 
the middle of her length on the load water line, may be found 
in the stripped and therefore comparable state. Tiieu for the 
height of the centre of gravity of the similar portion of the 
intended ship above the under side of keel institute this 
ratio : As the depth of the known vessel from upper deck 
to under side of keel is to the depth, similarly measured, in the 
design, so is the height of centre of gravity above keel in the 
known vessel to the similar height in the design. Also for the 
longitudinal position of the centre of gravity : As the length 
on the load water line of the known ship is to the length, simi- 
larly measured, of the design, so is the distance, on the fore or 
after side of the middle of the length, of the centi'e of gravity 
in the known vessel to the similar distance in the design. It 
may be remarked in passing that this centre of gravity is 
almost invariably abaft the middle of the length on the load 
water line. It is necessary that the two vessels should have 
about the same trim, or else this ratio will not be useful. 
As already remarked, these are merely approximate positions; 
but they are generally very trustworthy. By taking into 
account the vertical and longitudinal positions of the centres 
of gravity of the armour, backing, etc., also of the items of 
the equipment, the vertical and longitudinal positions of the 
centre of gravity of the complete ship is approximately found. 

104. Approximate position of Centre of Buoyancy. — 
In order that the preceding knowledge may be useful to the 
designer, it is neoessaiy that the position of the centre of 
buoyancy of his design may also be approximately known; 
for unless the centres of gravity and buojanqy are in the 
same transrefse seotiony the ship will not float at tiie intended 
trim. 

For the longitudinal position of the centre of buoyancy, a 
nmilar method may be used as for the centre of gravity: 
As the length, on liie load water line, of the known ship is 
to the distiuice of the centre of buoyancy from tiie middle of 
the length, so is the length on the load water line of the 
design to the position of its centre of buoyancy with r^jaid 
to the middle of its length. Should the centres of gravity 

* By the term keel, as employed in this chapter, must be under- 
stood aflat kieelplale^ as of an irondad, unleis it^otherwise stated. 
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and buoyancy not be in the same section, then it shows that 
either the form of the body must bo altered, or else that 
"weights on l)oard must be so shifted as to produce a change 
of moment, in the required direction, equal to tlie product of 
the displacement and the distance between the two centres. 
In this case also it is necessary that the ships should have 
similar trims. For the vertical position of the centre of 
buoyancy: As the mean draught of the known ship is to the 
height of its centre of buoyancy above under side of keel, 
Bo is the mean draught of design to the similar height of 
its centre of buoyancy. It need hardly be remarked that 
this method will not give a good a])i)roximation unless the 
bodies of the two vessels are tolerably similar. 

105. Approximate Value of GM. — If it be desired to 
push our approximate calculations still further, and find the 
stability which the new ship may be ex]:)ected to have, the 
value of GM may be approximately found in the following 
manner: — Draw a load water line, by the aid of the length, 
breadth, and co-efficient of fineness given ; and then calculate 
its moment of inertia about the middle line axis, as ex|)lain(id 
at Art. 66. Divide this result by the approximate displace- 
ment, the quotient will be an approximate value of JIM; 
and the approximate positions of B and G having been 
already determined, a good idea of the value of (V^I/ is thus 
found. D X GM sin ^, will be a very good approximation 
to the moment of statical stability, when 6 is less than 15 
degrees. 

106. Detailed Calculations — Defensive Materials. — T. 

Armour Plating, Weight of. — This is the heaviest and Jit 
the same time one of the simplest items of a ship's hull 
to calculate. Except when fitted under the counter, it has 
usually either a Hat or a developable surface. Being of 
tjucli thick and heavy material, great accuracy is necessary in 
taking the measurements; consequently, the form of the 
portion of the vessel that is covered with armour should be 
carefully copied from the sheer draught. An expansion of the 
armour surface should be made, and the edges of the strakes 
of plating as well as the butts of the plates drawn thereon. 
The thickness of each plate should be marked on the expan- 
sion. It is hardly possible tliat the ui*rangement of butta 
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made l)y the calculator should a^ree exactly with that afiter- 
warda adopted at the ship; nevertheless, the diflEeramse will 
not, in general, be sufiicient to introduce any error of im- 
portance. It is desirable that a copy of this expansion 
should be furnished to the builder, in order that the arrange- 
ment adopted at the ship shall agi-ee, as closely as circum- 
stances will permit, with that originally contemplated. In 
constructing this expansion, it is desirable that the load wator 
line should be developed straight thereon, for convenience in 
calculating the vertical position of the centre of gravity. The 
expansion will usually be of a very siMi|)Ie character, so that it 
is not necessary to explain the mode of preparing; it; especially 
as the rpiestion of making an expansion of a ship's suriace 
will be explained in Art. 111. 

The average weight of a cubic foot of iron being 480 lbs., 
the weight of each jHate, or an area of uniform thickness, is 
easily found by multijdying 40 lbs. by the nnmber of inches 
the armour plate is thick, the residt being the weight per 
square foot of the plating of that thickness. To the result 
so found must be added a percentage for the points of the 
l)olts and the nuts; this ))ercentage varies from about 2 per 
cent, for plates of 9 in. thick and upwards^ to 5 per cent, 
for })Iates of 4 in. 

107. Armour Plating, Centre of Gravity of —In calcu- 
lating the ])ORitions of the centres of gi^avity of the component 
]»ai t.s of a slii}>'8 hull, it is desirable to measure vertical dis- 
tiinces from the load water line, and horizontal distiinces from 
the midship section. With regard to the ai'mour plating, 
for the sake of greater simplicity and accuracy it is recom- 
mended that all the measurements for moments be taken 
from the sheer draught, and not from the expansion drawing. 
To do this the edges and butts should be drawn upon the 
sheer plan, and the butts at the bow and stern marked upon 
the half-breadth plan. Transverse armour bulkheads should 
bo drawn, with their edges and butts, in the body plan. If 
this be done the distances of the centres of the plates, l)oth 
vertically and longitudinally, from the lines of reference can 
bo readily measured. The weights and distances of the 
centres of gi-avity of the i)lates, both vertically and longi- 
tudinally, are then entered upon a tabular form ^as shown b^ 
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Table III.), together with those of the other items in the hull, 
in order to obtiiin the total result. 

108. II. Backing behind Armour — Weight and Centre 
of Gravity of. — These are obtained in a similar manner to 
that stated for the armour in the preceding Article, except 
that the cubic contents of the several thicknesses of backing 
are calculated, and not the superficies. A weight of 66 lbs. 
per cubic foot is usually allowed for teak; this weight including 
the bolts used in securing the backing. It should be remarked, 
however, that although 54 lbs. is often allowed, yet when 
the teak is not well seasoned 60 lbs. is nearer the truth. 

109. III. Protective Deck Plating is a very considerable 
item as regards weight in the construction of recent iron-clad 
ships. 

As this is not a treatise on practical shipbuilding, we will 
not examine the purpose for which this plating is put into 
the ship; we have merely to take the dmwings which show 
such protective deck plating, and estimate its weight and 
the position of its centre of gravity. This is very readily 
done, as the area and longitudinal position of the centre of 
gravity of a surface of uniform thickness is at once found 
by the use of Simpson's Bule. If there is any sheer in the 
deck, or round up to the beam, the vertical position of the 
centre of gravity of a surface of uniform thickness is found 
by multiplying each ordinate of the area by the vertical dis- 
tance of its centre of gravity from the load water line; the 
sum of the products being divided by the sum of the ordinates 
will giye the distance of the centre of gravity of the whole 
surface from the line in question. If different parts of a deck 
have different thicknesses of plating, the sum of the momentB 
of the different thiokneeseBy divided by the total weighty gives 
the vertiioal position of the common centre of gravity. It i% 
Boweveri desixable to make a separate entry in the tabular 
form for each thiftlni<«ff of plating. Deck plating of one inch 
thick and upwards may be usually considered as being fitted 
for protectiye purposes in contradistinction to the plating 
whi<m is laid upon Uie beams for purely structural purposes. 

The preceding remark is made in order that the odculator 
may bd able to j^roperly dasaify bis results; as armour, back- 
ing, and protective detik plating do not constitnte jiort of the - 
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hull proper, but are rather the mail or defensive bui'den which 
the ship has to carry. This distinction is necessary, inas- 
much as in preparing a design, a principal object is to can-y 
the equipment and protective material as economically as 
possible, consistent with the necessary strength. Besides this, 
as already mentioned, it is not possible to estimate the weight 
of one vessel from that of another, or institute comparisons 
between the efficiency, in tliis respect, of dilTerent ships 
without knowing the wciglit of tlie material composing tlie 
hull proper, separately from that of the weights carried. The 
weights of the j)rotectivo materials in immasted ironclads 
now in existence in the lloyal Navy range from about 50 to 
70 per cent, of the weights of the structural materials, while 
in full-rigged ii'onclods tlie percentages range ii'om about 22 
to 38. 

110. Structural Weights — Bottom Plating.— This is the 
heaviest element in the hull of an iron ship, whether for war 
or mercantile purposes; its preponderance over the otlicr 
elements being more marked in the latter than in the former. 
By the term bottom plating we include not only that part of 
the shell of the shij) that is below the water, but also the plat- 
ing of the ship's side, except the armour already considered. 
It must, however, be remarked that whereas in merchant 
ships and unarmourcd ships generally, the mode of plating the 
side and bottom is the same; in iron-clad vessels, the side 
plating is generally flush, while the bottom is lap jointed. 

There are two principal methods of calculating the weight of 
a ship's bottom and side plating, viz., by means of an expan- 
sion drawing and by measurement from the sheer draught. 
The second is by far the preferable course, both as regards the 
weiglit and centre of gravity; for owing to the undevelopable 
nature of the surface it is impossible to obtain a sufficiently 
good ap])roximation to the area, also the vertical position of 
the centre of gravity cannot be easily calculated from sucli a 
drawing. The method by measurement is therefore tluit 
generally used, one or two different modes of procedure being 
adopted, as we shall show presently. We will, however, first 
show how expansion drawings of a ship's bottom are con- 
structed. 

111. Expansion of Bottom. — The bc::it method is by cut- 
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ting and fitting a sheet of thin and flexible paper so as to 
exactly cover the siirfiice of a model of the ship. This method 
is not possible without the model, and as that is not usually 
made in the early stages of a design, we may pass it over 
without further notice. It is, however, evident that the 
residt, so far as the area is concerned, is very accurate, and 
the centre of gravity may be readily and correctly calculated 
from the model itself, if the edges of the plates are drawa 
thereon. 

For an approximation to the expan.slon of the surface the 
following method is often adopted: — Draw a number of 
diagonal lines* in the body plan of the sheer draught, about 
the same distance apart at the midship section as the level 
lines, the diagonal lines being as nearly as possible square to 
the square stations. Draw in the half-breadth plans the 
rabatments of these lines. Then bend some narrow strips of 
paper around these lines, and mark upon the strips the inter- 
sections of the several square stations, also the stem and sUn-n 
post. Next, bend some narrow strips around the square 
stations in the body, and mark ui)on them the intersections 
of the several diagonal lines, also the middle line of the keel. 
Then draw a straight line on a sheet of paper to represent the 
middle line of keel, and set off upon it the positions of the 
several square stations. Pin the keel extremity of each 
square station strip of paper to the position of that square 
station on the keel line. Next, pin the first diagonal strip 
of paper to the midship section stnp, with the corresponding 
points on them together, and keep the midship section strip 
square to the keel line. Also, pin the diagonal strip to the 
other square station strips with the respective points coin- 
cident, the whole being pinned to the sheet of paper and 
drawing: board. Proceed similarly with the otlicr diajjonal 
strips, observing that it will be necessary to bend and distort 
the square station (except the midship station) and diagonal 
strips in order that the respective spots on both may coincide 
and lie flat on the paper. Wlion all the strips are pinned 
down, a pencil line drawn round the boundaries will then 
inclose an approximation to the area of the bottom. Pencil 
lines drawn against the sides of the square station strips will 
* Level lines are often used instead of diagonal lines. 

4b l 
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show tlio positions of the rospective srpiare stations when tho 
bottom is approximately developed in this way. 

In N(\ 3 of the Annual of th(^ Royal School of Naval 
Architfcturc will be found a method of making an expansion 
of a ship's bottom suggested, we believe, by Mr. Crossland, 
one of the chief constructors of the Navy. In explaining hia 
method the writer says : — 

** The ordinary moflc of making an expansion of the bottom plating 
or planking — for obtaining the area of its surface, which consists of 
taking the lengths of a series of level lineSi and of a series of trans- 
Terse seetioxui, and maldiig their inteneetioiui meet on a flat mirfaoe 
by means of two seta of suipa of paper^is a very troublesome busi- 
ness, and tlie process is not correct m principle. The water hnes and 
sections, if traced on the moJcd, would divide the surface into a 
number of four-sided tigures, having their sides inclined at diliorent 
angles. To represent any one of Siose figures on a flat surface it 
would be necessary to me:isure the lengths of the fonr sides, and at 
least one of the angles between them. In the usual way of making 
the expansion, the sides are correctly measureti, but no means are 
adopted for obtaining the angle referred to. The angles in the 
exj^ded drawing are determined hy making all the qnadrilaterals 
fit into one another and fom one continuous area. And these angles 
do not correspond to those on the surface of the model. In my 
opinion, an approximation of tlie area may be drawn out in the form 
of an expansion which is as nearly correct as an ordinary drawing 
can be made, and on » perfecUv obvious and simple plan. 

"For instance, let aStod ca (fig. 1, Plate XXl.) be two sections. 
Draw be and ad as nearly perpendicular as possible to both sections, 
at such a distance apart that ab and cd may be regarded as nearly 
straight lines. Then these lines, when traced on the surface of the 
model, will be very nearly perpendicular to each other. To find the 
area of the inclosed space, therefore, it wiU be only necessary to 
obtain the lengths of be and (ul, and then construct the figure thus : 
Make (in fig, 2) AD = true length of nd ; draw A li and DC peri)en- 
dicular to AD; make AB — aO, and DC—cd; join BC. This iigure 
will represent very nearly the area (not the form) of the surface, in- 
closed by the four lines on the model. 

"To apply this to the curved surface of a ship, draw in the body 
a series of curved lines, at convenient distances, square to the sec- 
tions at tho other points of intersection, as shown in iig. I, Plate XXI. 
Then run off the true lengths of these lines as bent diagonals. Then 
begin with tlie lowest^ and set off on the stations the square breadths 
of the lowest strip. Draw a line through the point thus obtained, . 
and apply the lengths of the first diagonal on this line, starting from 
the midship section, and setting oil the expanded positions of the 
stations. A second set of breaShs must be set off from these points 
perpendicular to the line just drawn, and a new line throng the 
second line of points so got. The length of the second expanded line 
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mnrt be 86i off on the line last draim and tiie interseetions of tiie 
sections marked as before. Tbis wfll add to the drawing the area o£ 
the second strip of the Viottom, counting from below. This operation 
nrnst, of course, be reijeatcd till the whole expansion is completed. 
A water line can be put upon this expansion, observing b^ measuring 
iti difltanoe above or below any of tne carved diagoniuB in the body, 
and transferring these measurements to the expansion, as shown m 
fig. 2. The nature of the construction will be nndeiBtood hj com* 
paring the points lettered in the figs. 

AD = ad. 
AB = ab. 
DO ss de. 
CB = eb. 

" Fig. 3 on the same Plate represents the expansion of the bent 
diagonals. The area of this expansion up to the water line is 538*7 
square feet. The area of the same, calculated by taking the mean 
guth and multiplying by the length, is 533*7 square feet** 

The writer further says : — 

" This method of constructing the area of the bottom is applicable 
to any ordinary form of bottom,*' and in his oj)inion "it does not 
involve more labour than the usual pbm," whieh has already heea 
described. 

When an expanfidon drawing is made, the several strakes of 
plating can be shown upon it, also their thickneaaeBy where- 
upon the weight can be found by the ordinary rules of men- 
suration. It is obviously impossible to calcnlate the poaitdon 
of the centre of gravity from an expansion. 

112. Calculation for Area of Bottom Plating without an 
Expansion. — The method usually adopted for calculating tho 
we^t and the position of the centre of gravity of the plat- 
ing on a ship's sides and bottom is by measurement taken 
from the sheer draught, as we shall now proceed to explain. 

We shall assume that the plating is in zones or belts of 
different thicknesses; and, moreover, that the thicknesses of 
some of the belts are varied towards the extremities of the 
ship. We will suppose that the boimdaries of these belts of 
plating are drawn in the body plan (see fig. 1, Plate XXIL) 

Two modes of procedure may then be adopted^ Viz., either 
to calculate the weight and position of the centre of gravity 
of each area with uniform thickness; or else to commence by 
finding the weight and centre of gravity of the whole surface, 
supposing it to consist of plating of the minimum thickness. 
If the latter method is adopted^ we have to add the result of 
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the calculation for the weight and centre of gravity of the 
surface (except that part which is of the minimum thickness), 
supposing it to be of a thickness equal to the difference 
between the minimum and next thickness. And so on by 
successively clothing the surface until the whole plating is 
accounted for, the weight and moment (both vertically and 
longitudinally) of the bottom plating is obtained. 

Suppose the area of the whole snzlaoe is leqoived: Care- 
fully measure the girths <^ tlio plating a;t all the square 
stations, add them together, and divide the som by the 
number of girths, the quotieat will be ilie mean transverse 
girth of the plating. Bun off in the half-breadth plan a 
number of rabatted diagonal lines, as explained in Axt^ 111, 
and measure the length of each one of them. Add the 
lengths together, divide the sum by the number of diagonal 
lines employed, the quotient will be the mean longitudinal 
girth. Multiply the mean transverse by the mean longi- 
tudinal girth, and the product is an approzimatum to we 
area of ti^e bottom. 

Should the area of a belt or zone of plating be required, 
the girtlis of the portions of the square stations included ia 
the belt are measured, and the mean breadth d the belt thus 
obtained; while the mean lengths of the diagonal lines on 
the belt is taken as the mean length of ^e beltw Thdr pro- 
duct is the area of the belt. Having the area of the surnice 
of any thickness of platuig, its wei^t is found by allowing 
480 lbs. per cubic foot wMch gives 40 lbs. per square £(x>t 
for 1 in. plating, 30 lbs. for |- in., 20 lbs. for in., and so oa 
for other thicknesses. A percentage must be added to this 
result to allow for the butts, laps, and liners; the percen tag e 
vajying with the thickness of the plating. On Table Iv . 
will be found a list of the percentages for different tidcknesses; 
should the lengths or breadths of the plates employed difflar 
from those by which this list of percentages was prepared, 
a correction must be made for the laps luid butts, it being 





I* 


11 


Ml* 



as the lengths and breadths of the plates inoreasa Theabom 
percentage having been added, about 3 per cent more is added 
to the whole^ in order to allow for the heads and depohes 
of the rivets. 
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113. Galcnlation for Centre of Gravity of Bottom Platingr. 
— L JAmgUudinaUif.'^The longitudinal position of the centre 
of giaviiy of bottom plating is found in the manner ve are 

about to explain. Whether the first or second mode of 
calculating the weight of the bottom plating is adopted, in 
cither case the metiiod of calculating the longitudinal posi* 
tion of the centre of gravity, which we are about to describe, 
may be used, the results giving either the longitudinal posi- 
tions of the centres of grayity of the whole sni^Bce, considered 
as of the minimum thickness, also of the surfaces of the added 
layers; or else the centre of gravity, longitudinally, of each area 
having a uniform thickness. For instance, referring to fig. 1, 
Plate XXII., we may find the longitudinal position of the 
centre of gravity of the whole area of the bottom, consider- 
ing it to be i'' thick, also of the area DEOEF considered i" 
thick; of GHOHK considered ^" thick; of LMOMN con- 
sidered ^' thick; of DLRF considered ^' thick; and K&TN 
consideied ^ thick. 

Or, again, we may find the longitudinal- position of the 
oentre of gravity of each of the belts or zones, ABEFCj 
PEHKF, QUMTS, LMOMN, DLRF, KSTN (see fig. 1, 
Plate XiQL). In either case, having the weight of each 
piece or area, and the longitudinal position of its centre of 
gravity, the longitudinal position of the centre of gravity of 
the whole is easily found. 

To find the position (longitudinally) of the centre of gravity 
of the whole or part of the area of a ship's Vjottom : Measure 
the transverse girths as for the area ; multiply each girtli by 
the number representing^ the order of its position on cither 
side of the square station of reference, or that about which 
moments are taken, and divide the Algebraical sum of the 
products by the sum of the girths; the quotient, multiplied 
by the common interval between the square stations at which 
the girths aro measured, gives the distance of the centre of 
gravity from the square station of reference. The centre of 
gravity is, of course, on that side of the square station which 
has the excess of moment. 

For instance, referring to fig. 1, Plate XXII., to find the 
centre of gravity of the whole surface of the bottom, suppos- 
ing it to be of uniform thickness. Suppose the girths to be 
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as bcl(3w ; then for the longitudinal position of the centre of 
gravity: — . 



1 

Namber of 8a a&re 

Station. 


Half girth. 


MaltinliOTi foft 


Prcxlnctg. 


JNO. 1, • - - 


25*2 


A 

o 


151 2 


if 2, - - - 


28*4 


IS 

5 


14t2V 


o 

,, J, - - - 


31*3 


4 


125 2 




An .if 

33 '5 


o 
O 


100 5 


,, t>, - - - 


ACT ^/V 

35*0 


2 


70*0 


„ 6, - - - 


35-5 


1 


35-6 


„ 7, - - - 


35 8 


0 


624*4 


8, - - - 


35-8 


1 


35*8 


„ 9, - - ■ 


35*6 


2 


71*2 


10. - . - 


351 


3 


105-3 


» 11, - - - 


34-0 


4 


1360 


12, - - - 


34*2 


5 


171-0 


„ 13, - - - 


80*0 


6 


180 0 



i29*4 699*3 

624-4 

429-4 )74-90 

•174 



The common intenral between the square stations is 20 ft. 

•174x20=3*5 a abaft No. 7 station, 

the position of the centre of gravity of the vhole bottom, 
supposing it to be of uniform thiokriesB. In a ship -with a 
fall midship section, and fine lines forwaid and aft, where 
there is much Tariation in the girths, greater aoonraoy will 
be obtained by affecting the half girths with Simpson's 
multipliers before using the multipliers for leverage, in the 
same way as we find the centre of gravity of a pbne area. 

Thisre is a slight error admitted into the previous result, 
owing to an assumption upon which the method is based 
being somewhat erroneous. Vig, 2, Plate XXTT,, represents 
part of a half-breadth plan of a ship; referring to it we shall 
see that the area of bottom plating between consecutive 
square stations increases as we proceed from the midship 
section to forward and aft. Now in the method we have 
just explained, it is assumed that the girth of each stationi 
say No. 2 in the figure, is a fixed multiple of the area em- 
braced between a square station BOf half way between Nos. 
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1 and 2, and a square station ADf lialf way between Nos. 2 
and 3. Now, as a matter of fact^ as is seen, the ratio be- 
tween the girth and the area is a vaiying one, the areas 
increasing, relativelj, for some distance, as we proceed from 
midships in either direction* What makes the assumption at 
aU trustworthy is, that we assume the midship section as our 
station of reference, and the obliquity of the sur&ce of the 
bottom with regard to the planes of the square stations is 
nearly symmetrical on either side of deadJloL For instance^ 
in ships of ordinary foTm^AiB^ is about equal to AB, and ^^i^ 
to JBF; and thus the excesses in area nearly balance one 
another. Experience shows that A^B^ and ^i^i are usually 
slightly in excess of AJB and EF respectively, and hence the 
longitudinal position of the centre of gravity, as found by 
this method, is slightly on the fore side of the true position. 

A modification of ike preceding method is adopted when 
the water or diagonal linoi of the fore and after bodies are 
very unlika The breadth XJTj, equal to the room and i^wtce, 
is measured at the midship section, and is taken as the unit 
of breadth throughout. The lengths ci AB^ FJSf etc., and DO 
are measured;' and the sum of the lengths divided by the 
number of measurements, gives the mean room and space, 
measured on the run of the bottom. This quantity, divided 
by the length XX^, gives a midtiple for the gii^th at station 
2. Each girth is then multiplied by its multiple, and the 
results are used in the same way as the girths in the preced- 
ing description. 

IL Vertically. — To find the vertical position of the centre 
of gravity of the -whole surface of a ship's bottom, supposing 
it to be of plating uniformly thick ; or to find the vertical 
position of the centre of gravity of any belt or zone of plating 
of uniform thickness. 

Use the same square stations as before, and find the centre 
of gravity of the curve of each section, or that pai-t of 
it incliuled in the belt or zone of plating. To find the posi- 
tion of the centre of gravity of a curve proceed as follows : 
In fig. 1, Plate XXIIL^ ACB is the form of square station 
No. 2. Bisect the curve at the point (7, and join and 
jB(7. Bisect A C and BC at the points E and G respectively, 
£rom which points draw ED and GF perpendiculars to AO 
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and BGf cutting the curves at the points D and F, Take 
J)K=^*ED and IIF= } GF, and join UK, Bisect HK 
at Z, which will be a close approximation to the centre of 
gravity of the curve ACB, Similarly, find by construction 
the centre of gravity of each of the other curves of the square 
BtatioDS (aee for statioQ 1 1). In oider to test tlie accuracy 
of the constructiQns, a line should be passed through the 
oentres of gravily in each body, and if these centxes are cor- 
rectly found, the lines viU be &ir curveSi as shown by 
00 and 0^0^ 

Next measure the vertical distance of each centre of gravity 
from the water line WW^ as shown by LMy L^M^y and multiply 
the length of each girth by the distance of its centre of gravity 
from the water Ime, eitiher above or below it. Divide the 
Algebraical sum of the products by the sum of the girths, and 
the result will give the distance of the centre of gravity of 
the whole surface from the load water lina 

As an example, we will choose the case for which we have 
already found &e loogitudinal position of the centre of gravily. 



Number of 
Square Stetton. 


Htlffflrthf. 


Vertical distances of 
CG from LWL. 


Frodacta. 


AboTe. 




AboTO. 


B«low. 


No. 1, . • 
„ 2,- . 
»» 8» - • 
»> 4» * " 

M 5, - - 

» <>» - - 
•» 7, • - 
8» - • 

f* ^> " 
„ 10, - - 
„ 11, - - 
» 12. - - 
M 13. - - 


25-2 
28-4 
31-3 

33- 5 
350 
35 5 
35-8 
35-8 
35-6 
35 1 
34 0 

34- 2 
30*0 


•6 
1-2 


r2 

2- 5 

3- 6 

4- 2 
4*5 
4-6 
4*6 
4-5 
41 
3-0 
1-6 


12C 
36<> 


78-3 
120-6 
147 0 
159*8 
165*0 
165-0 
160-2 
144 0 
102 0 

51*8 




429-4 








1327-2 












48-6 












1278-6 



* This fraction has been found by experience to be nearly true for 
seotioiis cf ordiiiiiy f cull. 
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1278 '6 

• ^.^ =2-98 feet = the distance of the centre of gravity of the 

plating on the bottom below the load water, the plating being 
sapposed of uniform thickness. 

It will be at once seen that this method can be applied in 
either of the modes already referred to by which the weight 
of the bottom plating is calculated. Having found the weight 
and vertical poeition of the centre of gravity of all the belts, 
xones, etc., of uniform thickness, the results are combined, 
and the total weight and moment found in the usual manner. 

114. Weight and Centre of Gravity of Sheathing^ Bottom 
Planking, etc. — These are found in a similar manner to that 
already described in the preceding Article. 

The following is a list of the average weights per cubic 
foot of the different kinds of wood used in shipbuilding, also 
of the metals commonly employed : — 

Steel, • 
Iron, Cast, - 
„ Wrought, 

Copper, 
Lead, - 
Zinc, - 
Brass, 
Teak, - 

Honduras Mahogany, 
Elm, - 



490 lbs. 

AAA 

480 „ 
550 „ 
710 „ 
440 „ 
620 ,, 
52 „ 
38 „ 
53 



The vanouB weidits 



given 



Oak, English, - 
Italian, 


- 56 lbs. 

- eo,, 


African, 


- 60 „ 


, , Dantzic, 
Fir, Dantzic, 


- 45 „ 


- 3G„ 


„ Riga, - 


- 40 „ 


„ Larch, 


- 44 


,, Red Pine, - 


- 36 „ 


„ Yellow Pine, 


- 34 „ 


Cork, 


- 16,. 



above refer to timber in a fit 



condition to work into a ship. When green, or after being 
in the water some time, they will weigh about 10 per cent, 
heavier; on the other hand, when thoroughly dry, they will 
weigh in many cases 4 per cent. less. 

In calculathig the weight of wood work, it is usual to add 
a sufficient percentage to the weight per cubic foot, to allow 
for the fastenings. The percentage required will vary from 
about 3 to 4 per cent, for deck fastenings, and Ix^cking behind 
armour to as much as from 8 to 10 per cent., for sheathing 
on a ship's side and bottom when the fastenings are closely 
spaced. 

115. Beck BeamBy Plating, and Flats.— The weights of 
the beams, plating, and ilat, for each deck, should be calcu- 
lated BuooeaaiYely, as, when the area of the surface of the 
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deck is fcmd, the weights of the betnusy flat, etc., aie xeedily 
obtained. 

To find the am of m deck sufiice we proceed in the same 
way as when calcolating that of a water plane, by dividing 
the length into a sufficient number of equal intervals^ measur- 
ing the ordinates thereat, and ihm cdcnlating the area by 
Simpson's Bnle. The centre of gravity of the area should be 
found at the same time, in the same way as for a water plane. 

116. BeaaiB^HaTing the area of the beam sur&oe, the 
number of feet running of beams required for it is at once 
found by dividing the area by the spacing between the beams. 
No deduction is made for hatchways except when they are un* 
usually large, as in the case of the boiler hatches on the lower 
decks of some ships. The carlings generally cover whatever 
U saved in beams by ordinary hatches, and it is usual to 
make a further allowance for carlings by adding a length of 
beam equal to that of the deck, and when the deck supports 
guns, it has been found by experience necessary to add twice 
tbe length of the deck for carlings. When, however, there 
are hatchways of considerable size, deductions must be made 
for them, more especially with regard to the longitudinal . 
position of the centre of gravity of the beams. Hence, in 
such cases, instead of assuming the centre of gravity of the 
beams and carlings to coincide with that of the deck surface, 
the moment due to the absence of beams at such places must 
be deducted. 

In addition to the allowance for carlings, the weight of the 
beam arms must bo taken into account. In order to determine 
their exact weight, divide the area of the deck by its length, 
and tlio quotient will be the mean length of the beams. 
Calculate the weight of such a beam, and that of its arms, 
and find the ratio between them; this lulao, if used for the 
beams of the whole deck, will be found to amount to about 12 
per cent, of their weight in ships of the Royal Navy, and about 
G to 8 per cent, in merchant shi])s. Table V. contains a list 
of tlie weights per lineal foot of the Butterly Ca's Tee Bulb 
and Angle Beams, for which information we are indebted 
to the courtesy of the makers. Particulars are also given in 
the same Table for calculating the weights per foot of length 
of plate bulb, which is commonly used for beams. Table 
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VI. contains the weights of angle or T irons of the dimen- 
sions which usually occur in ships. 

117. Deck Flats. — The area and centre of gravity of tho 
beam surface are also those of the surface of the deck flat, 
when the latter is of uniform thickness and of the same 
material throughout. This is, of coui-se, on the supposition 
that the flat extends to the surface of the outer plating. If 
the flat, as it usually does, stops against the reverse frame, 
or a gutter water-course, a strip of parallel width must be 
deducted on each side. Removing this pai'allel strip will not 
practically alter the position of the centre of gravity, and the 
slight change can be readily allowed for. Having the area 
of the surface, the volume of the flat in cubic feet is at once 
found, and its weight obtained. The additional weight duo 
to certain strakes of plank being thicker or of harder wood 
than the others, also the weight due to the extra thickness of 
the waterways, must be taken into account with their effect, if 
any, upon the position of the centre of gravity. No deduction 
is made for hatchways of the ordinary size, but when they 
are of exceptional dimensions, as in the case of the boiler hatch 
in the lower decks of some ships, the areas are deducted, and 
the alteration in weight and moment due to them are allowed 
for. The reason for not making a deduction for the smaller 
hatchways is in consequence of the coamings, head-ledges, 
and gratings, which are not calculated, but are taken as al)0ut 
equal in weight to the deck fiat which would be fitted if tho 
hatchways were not there. 

118. Deck Plating and Stringers. — These are calculated 
in a similar way to deck flats; the necessary percentage for 
edge strips and butt straps for the several thicknesses when 
worked in this way will be found in Table IV. 

119. Vertical Position of Centre of Gravity of Decks. — 

Owing to the sheer usually given to decks, and the variable 
breadths of the deck at different positions in the curve of the 
sheer, it is not possible to measure direct from the profile of 
the ship the vertical distance of the centre of gravity of the 
deck from the water line. By experience, it is found that a 
very good approximation to the vertical position of the centre 
of gi-avity of the beams, deck plating, and flat of any deck is 
found by measuring one-third the half length of the ship on 
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the fore side of the midship section, and measuring the dis- 
tance from the water line to two-thirds the round of the beam 
above the beam at side line at that position. The beam at 
side line being at the upper surface of the beam, one-half the 
thickness of the deck must be added to this distance for the 
centre of gravity of the deck Hat when the deck is above the 
load water line, and deducted when it is below. Similarly, 
about one-third the depth of the beam is added or subtracted, 
as the case may be, for the centre of gravity of the beams. 

The more accurate method is to multiply the half breadth 
of the deck at each of the equidistant ordinates by the dis- 
tance of the centre of gravity of the deck flat or beam at that 
ordinate from the load water line. Divide the sum of the 
products by the sum of the half breadths, and the quotient 
will be the distance of the centre of gravity of the whole 
deck from the water line. 

120. Transverse and Lon^tudinal Bulkheads. — The 
areas of these are found from drawings of them by the aid 
of Simpson's Rule; and their centres of gi-avity by the same 
means. Knowing the weight per square foot of the material 
composing them, their total weights are readily found, after 
allowing for the butt straps and edge strips, by using the per- 
centages for bulkhead work given in Table IV. Bulkheads 
are usually of thicker material at the bottom than at the top ; 
consequently, the separate areas of the thick plating must be 
found, and the extra weight, due to the thickness in excess 
of that at the top, added. Also the effect of the extra 
thickness on the position of the centre of gravity must also 
be allowed for. The weight of angle or T iron stiffeners is 
found by dividing the area of the bulkhead by the spacing 
apart of the stiffeners, and multiplying the quotient by the 
weight per foot of the angle or T iron* Allowance must 
also be made for the angle irons oonnecting the bulkhead to 
the ndes d the sbipi which can be easily measured, and their 
wei^ts then calouliE^ by the use of '&hl» YL, 

It must be particularly noticed that in all riveted iron 
work, 3 per cent of the total weight of the material must be 
added, to allow for the heads and denches of the rivets. 

The bulkhead work is very oonsiderable in the hold, em- 
bracing— befiides the tranaverse bulkheads— the magastnes, 
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shell rooms, shaft passages^ chain lockers, and often the store 
rooms; such of these aa have iron crowns, stiffened by angle 
irons, are calculated aimilarly to the bulkheads. 

I2h TransTarse ftaming. — ^In a merchant vessel^ the 
transverse framing is nsoally of uniform character throogh- 
ont, each consisting of frame and reverse angle irons, and a 
floor plate. In an armour clad, the transverse framing is of 
a very variable character, that below the armour or sub- 
merged armour-deck being of a totally distinct character to 
that above. Also the frames behind the armour are different 
from either of the other kinds. The unarmoured ships of 
the Royal Navy, while not framed in so variable a wa}^ aa 
the ironclads, have, nevertheless, framework of a more com- 
plex character than ordinary merchant ships. We will 
therefore consider tho tlifTerent classes of framing separately. 

122. Merchant Ship Frames.— The midship section and 
specification contain instructions regarding the points of 
termination of the reverse angle irons and floor plates. With 
this data curves are drawn in the body plan representing the 
boundaries at which the angle irons and floor plates stop 
throughout the length of the ship. Equidistant stations, in 
sufficient number, are chosen, and a sketch made of the trans- 
verse frame at each of these sections, showing how it is con- 
structed. The weight of angle irons (see Table VI.), and 
plates in each of these is carefully calculated, and the moment 
of the whole about the load water line determined. Two 
curves are then constructed, viz., one of weights, and the other 
of vertical moments. Tlie curve of weights is drawn by set- 
ting off from a base line ordinates representing to scale the 
weights of the respective frames; the distance between tlie 
ordinates being that between the several stiitions drawn to 
some known scale. The area of this curve, found by Simpson's 
Rule, divided by the length of the base of the curve, and 
multiplied by the total number of frames, gives a fimction 
(according to the scale of the curve) of the total weight of 
the framing, and the centre of gravity of the area is that of 
the centre of gravity of the fi-ames, longitudinally. An 
excellent test of the accuracy of the several calculations for 
the weights of the frames at the stations chosen is afforded 
by the batten when it is bent to pass through the extremities 
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of tbe ordinates; if it refuses to pass fairly through these 
points, it shows that an cn*or has been made in one or more 
of the calculations, the extent of which error is thus known, 
and we are aware in what part of the calculation to look 
for it. 

The curve of vertical moments is drawn by setting off on the 
same ordinates lengths representing to scale the moments of 
the respective frames about the load water line. The area of 
this curve, divided by the area of the curve of weights, when 
both are reduced to the same scale, gives the distance of the 
centre of gravity of the frames from the load water line. It 
will frequently happen that some of the moments are positive, 
and othera negative with i-egard to the water line, in that 
case some parts of the curve of moments will be above, and 
others below the base line. In finding the total moment, 
the smaller area is deducted from the larger, and the differ- 
ence divided l)y the total area of the curve of weights, both 
being reduced to the same scale. The centre of gravity will 
be on that side of the water line upon which there is the 
excess of moment. 

Whenever there are additional frames, as under the engines 
and boilers, or whenever these fmmes are of stronger and 
heavier make than elsewhere, a sei)arato calculation should 
be made for the excess, both as regards weight and moment. 

123. Transverse Frames below Armour. — The preceding 
description of the mode of calculating the weight and position 
of the centre of gi'avity of the transverse frames of a merchant 
ship, requires but little modification to be applicable to the 
transverse frames below armour of an irondad; or to the 
trans vei'se frames of an unarmoured ship. 

In a ship of war with a double bottom, which armouml ships 
invariably have, there are at legist three groups of frames, viz., 
those within, and those before and abaft the double bottom. 
All three of these contain frames of at least two kinds, viz., 
bracket and w^ater-tight, and, in wake of the engines and 
boilers, solid pierced frames are usually fitted. 

Transverse sections of tlie ship's framing have first to be 
constructed on paper, at intervals of about 16 ft. apart; these 
being at midships, at the extremities of the double bottom, 
at a few frame spaces from the stem and stem post^ and at 
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intermediate places. To construct these sections, the posi- 
tions of the longitudinals given in the midship section aro 
transferred to the body plan, and the sight edges of the 
longitudinals drawn in that plan in some such a way as they 
vill be built in the ship. The scantlings and ta]}er of the 
longitudinals, given in the spedfioatloiii determine the depths 
of the frames, so that their inner edges may be thereby drawn. 
The sketches of the sections are fiiist made as if they were 
all bracket frames, and the same sketches will serve for 
afterwards determining the weights of the solid and water- 
tight frames by making the necessary nltcration in coloured 
pencil. The load water line must be drawn across each 
section. 

When calculating the weights of the details of each frame, 
their moments about the load water line can also be obtained. 
Thus by putting the weights of plates and angle irons in 
one column, and the corresponding moments opposite to them 
in another, two summations give us the weight of a frame 
and its moment about the load water line. If the solid 
fi»mes are numerous, the wei^ts and vertical moments of 
several equidistant frames inthe space where this variety occurs 
are also oedculated in a similar manner; but if only a* few of 
these frames are fitted, it will bo sufficient to subsequently 
make a correction for the additional weight and moment 
due to the particular frame b^g constructed in this way. 
The water-tight frames being usually one-fourth or iifth of 
the whole number in the double bottom space, it is necessary 
to determine the additional weights and moments due to tlio 
frames calculated in that space being so constructed. Out- 
side the double bottom, where they are less numerous, it is 
sufficient to subsequently make a correction, based upon the 
comparison discovered in calculating those within that space, 
for the additional weight and moments for these frames. 

Curves can now be constructed in the same way as before, 
with the exception that now we have a greater number. Fig. 
2, Plate XXIII. shows the curves of weight and moment 
for the transverse frames below armour of an iron-clad ship. 
The scales of these curves, which are dmwn to one-eighth the 
usual size, aro marked upon the Plate. The manner of using 
the curves was explained in the previous Article* 
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124. More Extensive Application of Curves. — ^Wliile 

treating of the method of calcuhiting weights and momenta 
by the aid of curves, we may remark that the peculiarities 
of the framing of an iron-clad shij) limits consideral)]y 
the extent of their jyussible api)lication. When all the 
frames are of the same character, and the beams, deck-flats, 
etc., arc uniform, not only the weight and moment of the 
frames, but also those of the hull proper can bo represented 
by two curves dmwn in the following manner : — 

The weight and moment of a section of a ship, including 
plating, planking, beams, and frames, for the length of a 
room and space, is calculated in a manner similar to that 
just described. The beams include their proportionate 
amount of carlings; the framing includes longitudinals, keel, 
keelsons, hold stringers, inner bottom, etc., and the plating 
include^s its proportion of bntt straps, laps, etc., all being 
computed for the length of the room and space. Transverse 
bulkheads, works in hold, fittings on decks and topsides, 
stem, sternpost, rudder and fittings, etc., cannot be included 
in the curve, as these being irregularly distributed, would 
produce such discontinuities as not only to prevent a curve 
from passing fairly through the points determined, but also to 
destroy that check on the accuracy of the calculation for each, 
section, which is one of the great advantages of the method. 

Sections are taken at equidistant intervals, if possible; 
about ten to fifteen sections should be taken in ordinary 
cases, according to the length of the ship, and where there 
is a long midship body one section will serve for a consider- 
able length of that body. Curves are constructed from these 
results, as already described, and the total weights and 
moments determined therefrom. In calculating the weight 
at each section, care should be taken to make separate totals 
of the weights of plate, angle, beam, or other iron, and of the 
wood-work embraced therein, and to express the value of 
each of these in regular succession on each ordinate, so that 
if the weights of these several materials are afterwards re- 
quired for the purpose of estimating the probable cost of the 
ship, they can be found by passing cui-ves through the points 
on the ordinates for these items, and calculating the arcaa 
of the belts or spaces between the curves. 
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125. Transverse Frames above and behind Armour. — 
The Naming at these parts of an armotiTed ship is of a very 
simple ehamcter, and does not require special ocmsideration 
after the preceding description. Neither is any separate 
exphmation necessary regaixling the manner of calcidating 
the weight and position of the centre of gravity of the frames 
of unarmonred ships of the lioyal Navy. 

126. Longitadinal Framea— The weight and moments 
of the longitadinal frames are found by first drawing both 
the sight- and inner edges of these frames in the body plan, 
the necessary ta])6r be&ig found by reference to the spedfica- 
tion. By considering the poiiions of each longitudinal in 
the double bottom, and before and abafb it sepiirately, the 
calculation is mudi simplified. The length of the longi- 
tudinal, or a portion of ii^ is given very nearly by the length 
of a ralMttted diagonal line, drawn as closely as possible to 
the longitudinal When considered in separate pieces, with 
a little experience, a calculator is enabled to approximate^ 
by inspection, very closely to the vertical position of the 
centre of gravity of each piece of these frames. Care must 
be taken to make the requisite deduction from tlie weight, 
in consequence of the man and lightening holes. These can 
generally be expressed in the form of a percentage determined 
for a certain length of a longitudinal, and applied for the others. 
The manner of calculating the longitudinal | position of the 
centre of gravity is similar to that for a belt of bottom plating. 

The preceding are the portions of the work which are of 
the greatest magnitude, and present the greatest difiSicuItiea 
to the calculator. 

127. Fittings.— In calculating the weights of the nunieroua 
fittings in a ship, and the wood-work in the hold, consider- 
able practical experience is necessary, in order to arrive at 
correct wei^^lits and moments. The fittings contained in a 
completed shi]) are far more considerable than a glaiico at a 
design would suggest. The only satisfactory way of gcttinf; 
at the weights of these items is by referring to the rccorda 
of weights kept in building a similar ship, or one sucli tliat 
a comparison can be instituted. In the Royal Dockyards 
such records are kept, and they prove of invaluable survieo 
in the preparation of after designs ou this account. 

4b " 
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There is, however, an element of uncertainty necessarily 
inseparable from all calculations of the weights and centres 
of gravity of ships. AVlKitcver care is taken in calculating 
the princi|)al portions of the ship, and whatever aoccuacy is 
obtained so far, in the result, thei-o still remains a consider- 
able weight of work in the foim of fittings^ which it is almost 
impossible for the calculator to value accurately. These 
consist of anchor and boat fittings, works in connection "with 
the rigging, and tittingg oi all kinds throughout the vessel, 
the nature of which varies with diiSarent ships, and tho 
weight with different practical supervisors. It is well known 
that two ships built at different yards from the same draw- 
ings, will vary in immersion and trim, this being due, in a 
large degree, to the different opinions which shipbuilder 
form of the scantlings neco.ssaiy for fittings whose dimensions 
are not si>ccitiod. Some otliceis are heavy, and others light- 
handed in this respect. Again, niatei lals such as cement, 
paint, oakum, pitch, etc., which anioinit to a great weight, 
will )jc used to a different extent Ity ditTerent workmen, and 
mider dillrrent circumstances. On account of the difficulties 
attendant upon a calculation of these items, it is usual to 
base estimates thereon upon the quantities used in ships 
actually built. If the ships arc of the same class and size, 
then the weights nuiy be taken the same; but if different, 
then they must be varied i)roportionately to the respective 
differences whicli cause these variations in the two ships. 
For instance: cabins will vary with the complement of 
officers; mess tables and stools with that of the crew; paint 
with the ))roducts of the lengths and gi'eatest transverse 
girths of the two ships; oakum with the dimensions of tho 
decks and other caulked surfaces; boat fittings will vary 
with the number and weights of the boats; anchor fittings 
with the weight of the anchors and cables, and so on. 

But while pointing out the elements of uncei-tainty that 
necessarily exibt in all calculations of this class, it nnist bo 
stated that these should not at all vitiate the result. For 
owing to these indeterminate items being distributed all over 
the ship, they should not materially affect the trim, nor the 
vertical position of the centre of gmvity. The displace- 
ment should not be in error more than 1 to 2 per cent, in 



Digitized by Google 



FimKQS. 



179 



Iroft-clad Bhips, nor from 4 to 5 per cent, in small Yeaaeia, 
from these causes. It is nsoal to add about 3 to 5 per cent^ 
the percentage being greatest in the smallest ships, of all 
weights in the hull except armour and other protective 
portions, to the result ol the caloulationy to cover items 
which may, perohancoi be incorrectly estimated, or not taken 
into account at all. This percentage, being supposed uni- 
formly distributed^ is taken at the centre gravity of the 
ship. 

In making calculations, such as this chapter refers to, 
great care is necessary to prevent errors, sometimes of great 
magnitude, occurring. A mistake, slight in itself and easily 
made, -will sometimes affect the result to such a degree as to 
ruin a ship built upon designs based thereon. It is conse- 
quently highly important that separate and independent 
calculations should be made by two persons, simultcmeously 
if possible, and if not, one very soon after the other, and 
before the bidlding of the vessel is materially advanced. 
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CHAPTER V. 

* 

CURVES OF ST^VBILITY. 

Meiaoenirio CnvTeft— Curves of Statical and Bynamioal Stability--* 

Speciinen Calculations — The Body Plan— Measuring the Ordi- 
nates — Preliminary Tables — Combination Tables — \ olumes and 
Momenta of Assumed Wedges for Statical Stability — Area and 
Centre of Gravity of Inclined Water Plane — Statical Correction 
for Layer— For Appendages— Values of BN and GZ— Check 
Spot — Curve of Dynamical Stability — Dynamical Correction for 
Layer — For Appendages — Geometrical Method of Calculating 
I)ynamical Stability — Curve ol Statical Stability at light 
Draught. 

1S8. Metaeentric Curves. — By inetacentric curve, or curve 
of metacentrea, is meant the cnrve passing through the ex- 
tremities of oidinates, whose lengtlis are equal to ti^e heights 
of the transrerse metaoenties above the undenride of keel at 
snecessive parallel draughts of water. For instauoe, if by 
the method investigated at Arts. 63 to 66, the heights of 
M above the underside of keel at suooessiTe parallel dniughts 
of water be obtained, and set off to bosSb as ordinates; 
the abscissn being the distances, to scale, between the 
respective water lines, then the cnrve passing through the 
extremities of these ordinates is the metaeentric curve of 
the ship at that trim. It will be seen that these curves will 
vary slightly for the same ship at different trims ; but in ships 
of ordinaiy form the characters of the curves will be sub* 
stantially the same within the limits of alteration of trim 
which usually occur. It is usual to calculate and construct 
the metacentric curve of a ship at her usual load trim and 
parallel draughts, although as the ship lightens or deepens 
the trim will vary according to the form of the body, and 
the longitudinal position of the weights which are added or 
removed to increase or diminish the draught of water. 
There is thus an element of error admitted, and the curve 
does not really represent the actual positions of the point 
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M at the several draughts of water. However, as the curve 
is not taken as representing the actual positions of M, but 
merely close approximations thereto (which they really 
are), and as it is only consulted within such small limits of 
the draught of water that no practical error can occur in 
vessels of ordinary fonn, it affords a valuable crLterioii 
whereby the tendency of the surface stability to increase OP 
decrease at successive draughts may be discovered, and a 
sufficiently correct representation of the actual increase or 
decrease of surface stability at the small variations of draught 
which are commonly experienced when at sea. 

In addition to the information afforded by these curves, 
with regard to the surface stability, they are rendered of 
more practical value by setting off upon the ordinate at any 
draught of water the position of the centre of gravity, as 
determined by exi)eriment (see Ai't. 90), or as calculated for 
the ship at any time when floating at tliat draught. It need 
hardly be said that a shiji may, at dilFerent times, float at 
the same mean draught of water, or even at the same trim 
and draught, and yet have the centre of gravity at a dillereiit 
height. However, the variations in the vertical position of 
the centre of gravity arc usually very small in a slii}) of war 
at the same draught of water, and if a record be kept of tho 
actual ccpiipment or cargo on board at tlic time the experi- 
ment or calculation was made, a correction can readily be 
made for the tnie vertical position of tlie centre of gravity 
at any other time. Without the position of tlio centre of 
gravity being known at any draught, tho metiicentric curve 
merely shows the tendency to stability due to the vessel's 
foiTU, but by carefully recording on the diagram the positions 
of the centre of gi-avity, at diti'erent draughts, which have 
been observed from time to time, it is very easy to fix, with 
tolerable accuracy, the j)ositions of that point at intermediato 
or at closely adjacent draughts. 

It will be seen that in order to set off the positions of 
the centre of gi'avity, so as to be of use in this way, it is 
necessary that tho position of tho water lino with regard 
to the i)oint M at every draught of water should be repre- 
sented on the diagram. This is done in a very simple and 
oonvenient manner by di*awing tho curve in the manner 
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shown by fig. 1, Plate XXIV. A number of parallel lines 
are drawn at distances apart equal, to scale, to the distances 
between the water lines employed; and a line is drawn cut- 
ting these parallel lines at an angle of 45 degrees. Ordinates, 
perpendicular to the water lines, are drawn through the 
points of intersection of this line at 45 degrees with the 
several water lines; and the distances of the centres of buoy- 
ancy beneath the latter (obtained by pre^dous calculation) 
arc set off below the points of intersection of the diagonal 
lino with the respective water lines, to the same scale as 
before, and a curve drawn through the points so obtained is 
called tlie curve of centres of buoyancy. The respective 
values of y> J/, B^M^^ ^^-^ then set off from these 

points By B^f J^g, etc., to the same scale, and a ciu've drawn 
through the points so obtained is termed the metacentric 
curvej or curve of metacentres. If it be required to know 
the value of BM at any mean draught of water between 
the limits of the water lines used, the line representing 
that draught must be drawn in its proper position, to 
scale, and a perpendicular to the 'water lines drawn 
through the point of intersection of the line representing 
the draught of vater mth the line at 45 degrees; the 
distaooe on this Une between tiie enrve of metaoentres and 
tiiat of centres of buoyancy will be tibe Talae of BM at 
that draughtw If a moderately stiff penning batten is used 
in getting in the curves^ the hitter may be continued for a 
short distance on either side of the extreme water lines on 
the diagram^ and so values of BM, at greater or less draughts 
of water thsua those employed in constructing the curves, may 
be obtained with a considerablo degree of accuracy; 

The reason for drawing the line at 45 degrees is evident^ 
as by so doing not only is the curve of metaoentres kept 
within the limits of a moderately small diagram, but the 
scale of the absdssas thus becomes the same as the scale of 
the draughts of water and of the ordinates. The curves are 
also by tihis means constructed in such a way as to simplify 
the interpolation of intermediate water iLies, and thus 
enables us at once to obtain the value of BM at any inter- 
mediate draught of water. 

It may be remarked that^ for vessels of ordinaiy fonui the 
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curve of centres of baoyanoy is concave with regard to a 
horizontal line at the keel, being practically stmight between 
the li|^t and load lines, and making an angle which varies 
between 28 and 38 degrees with the horizontal The curve of 
metacentres is usually of the character shown in the figure, 
the value of BM usually increasing very rapidly as the 
draught diminishes. This is especially the case in vessels 
having a very flat floor; as the moment of inertia of the 
water plane remains very considerable while the displace- 
ment becomes almost zero. If, however, the vessel has a 
very rising or a hollow floor, the curve of metacentres is 
flatter, being, indeed, in some cases slightly concave with 
regard to the water lines in the diagram. The old gun brigs 
of H.M. Navy are examples of ships having this kind of 
curve; at least, within the limits of draught between which 
the curve is usually constructed. (See fig. 2, Plate XXIV.) 

It is usual in H.M. Service to construct these curves on 
the scale of half an inch to a foot. 

In fig. 1, Plate XXIV., the points Gy 6^ G^t etc., repre- 
sent the positions of the centre of gravity as found at di£Garent 
times when the ship was at those draughts of water, or as 
calculated from the known position at some particular 
draught. The values GM, G^3f^, 6^2^4> measures of the 
leverage of statical stability at the load, second, and third 
water lines respectively. In the case shown by fig. 1, G^M^ 
is about equal to GM; this is very often the case, as near the 
load di-aught the position of G, with regard to the load water 
line rising somewhat, the few weights, such as coals or stores, 
removed to reduce the draught, being generally a little below 
the centre of gravity, while at the same time the metacentric 
curve at that point is usually nearly parallel to the water 
lines. As the ship lightens still more the point G continues 
to rise, while the nictacentre cui've still remains nearly Hat. 
This continues until G rises slower than the curve, and then 
the value of GJf increases, as shown by 6^4^/4 at the fifth 
water line. It must, however, be remembered that as the 
moment of statical stability at a small angle of inclination 0 
is JD X GM sin 0, that moment is usually gi-eatest at or about 
the load draught, owing to the value of JJ being greater than 
at the lesser draughts. 
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It is perhaps necessary to remind the student that lli' so 
curves are only iiaeful for determining the metaoentric statical 
stability, as the values of BM are absoLatelj true only for an 
infinitely small angle of heel. However, in ships of ordinary 
form, they afford sufficient data for detennining the statical 
stability up to 10 or 15 degtM of inclination, correctly 
enough for all practical purposes. 

Fig. 2, Plate XXIV., shows metaoentric diagrams for 
different ships, which may be taken as types of the various 
forms mot with in practice. 

129. Curves of Statical Stability.— In Arts. 70 and 73, 
we showed how the statical and dynamical surface stability 
of a ship can be calculated at any given angle of heel. If 
the values of B^^ (see fig. 1, Plate XVI.), for successive 
angles of heel between the upright position and that inclina- 
tion at which BjV becomes zero, are set off to scale as ordi- 
nates from, a base line, the abscissa) of whicli represent to 
scale the angular intervals chosen, then a cnrvo passed 

through the extremities of these ordinates would be termed 

..... 

a " curve of statical surface stability." Similarly, if the ordi- 
nates are dmwn to scale, so as to represent the successive 
values of NB^ — AB versin 6 - A^ii.,, the abscissa3 being as 
before, a curve passed through the extremities of the ordinates 
would bo a " c?<?*i'(? of cbpiamical surface stabilit>/,'* Such 
curves, however, would not be of much practical use, as they 
would merely indicate the tendency to stability due to the 
vessel's iurm alone. Hence, while they would represent the 
possible qualities of the ship, no information would be atlorded 
regarding her actual (pialities. Nevertheless, the fact must 
not be lost sight of that to a very large degree the range of 
a vessel's stiibiJity is governed by her form, and no disposition 
of weights in a badly formed ship will compensate for that- 
badness of form. Indeed, the limits within which the i)ositiou 
of the weights in a war ship are necessarily restricted render 
the form of the vessel an element of the gi'eatest importance 
in regard to the range and magnitude of her stability. 

At Art. 8G, it was shown that when the centre of gravity 
is above the centi-e of buoyancy (its usual position), BG sin 
0 must be deducted from the value of JLY (the lever of sur- 
face statical stability), in order to obtain the actual righting 
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lever at tluit angle. If the centre of gravity is Itelow the 
centre of buoyancy, BG sin 0 must bo added. The conven- 
tional expression for BN±.BG sin Q is GZ (see fig 1, Phito 
XVI.). As will be seen by reference to fig. 2, Plate XVIII., 
for the same value of BX, there may be any number of dif- 
ferent values of GZ^ both positive and no;:^ative, between the 
possible lowest and highest positions of (/' in the ship; so 
that, while a curve of surface statical stability may show 
considerable amplitude and range, yet if G is above J/, there 
will be no statical stability at all, but a continually increas- 
ing u]isetting couple. Again, if BN for any angle be so 
sujall as to represent comparatively small surface stability, 
yet if G is sufhciently low in the ship, the actual stability 
may be considerable up to a large angle of inclination. But, 
as already stated, in a war ship such exaggerated positions 
of G are impossible, and in a merchant vessel, if the stability 
is secured by a veiy low centre of weight in the lading, the 
behaviour of such a vessel as regards rolling and straining is 
very unsatlsfiictory. In every case the stability should bo 
chiefly obtained by form, and the centre of gravity should be 
as near as jjossible to the load water line. We shall consider 
these points more minutely in a future chapter. 

The length of GZ at any angle being the lever of statical 
stability at that inclination, if ordinates be set off from a base 
line so as to represent to scale the successive values of GZ 
at the different angles of heel between the upright position 
and 90 degrees, the absdsssd representing to scale the angular 
intervals between the inclinations at which GZ is calculatedi 
then a curve passed through the extremities of these ordinates 
is termed a " curve of skUical HabilUy" When this curve is 
drawn, the length of the ordinate at the point on the base 
line corresponding with any given angle — read by the proper 
scale — ^multiplied by the displacement, gives the moment of 
the righting or upsetting couple at that angla The units 
employed are usually a foot and a ton. In constructing the 
curve, positive values of GZ are set off above the base line, 
and negative values below. 

Plate XXY. shows curves of statical stability for the 
several classes of ships named; these may be regarded as 
types of the various kmds of curves lhat occur in practice. 
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An examination of these cnrves will jntm TOiy instractive 
to an experienced eye, as thej lereal certain important facts 
in connection with the form of the ship, and height of the 
centre of gmyitj, and enable the naval aichitect to predict 
-with certainty regarding the power of the ship to stand up 
under sail. Table YII. contains specimen calculations for ordi- 
nates of a curve of statical stabiUfy vhich are similar to the 
calculations for the surface statical stabilify at a finite angle 
nrhich are given in Table IL The calculations shown in 
Table YII. are extracted from the appendix to the ]>aper by 
Messrs. White and John, contained in Vol. XIT. of the Trana- 
acUom of ^ InsHtnOian of NaooA AreMtectB, which paper 
has alrMkdj been referred to; and the work in them is 
arranged in the manner usually adopted when calculating 
the stability at a number of sucoessiYe angles for the purpose 
of constructing a curve of statical stability. As the calcula- 
tions for the curve of dynamical stability are included in the 
same Tables, we will defer our explanation of them until we 
have briefly alluded to these curves. Plate XXYI. shows 
the body plan of the vessel to which these curves relate. 

180. CunrcB of Dynamical Stability.— In Art 72 it was 
shown that the dynamical surface stability at any angle $ is 
equal to 2)(iV^^i -iliJversina-ifa^i), (see fig. 1, PlateXVI.); 
and in Art 89 the dynamical (Ability at that angle was 
found to be D{I^Bi - GB versin 6). The object of the calcu- 
lation for the ordinate of the curve of dynamical stability at 
any angle is to find the value of IfB^ at that angle, and from 
this is deducted the product of the constant value GB (which 
is determined by the position of the centre d gravity), and 
the variable quantity yendn 0, the difference bemg the whole 
distance that the centre of buoyancy is depressed and the 
centre of gravity elevated in inclining the abip over to that 
angle» Thus D(NB^ - GB versin 6) is the mechanical work 
performed in inclining the ship. We have repeated these 
explanations^ already given in Chap. IIL, in order that the 
student may readily follow what we have now to say regai-d- 
ing tiie curve .of dynamical stability. The curve is con- 
structed in the ordinary way. Having the values of DiNB^ - 
GB versin 0) for a number of successive angles of heel; these 
values are set off to sc«le as ordinates fixnn a base line, 
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ihe abadflSA of wLidi represent to scale ike angular distances 
between the indinatiQns at which ordinates are obtained. 
A coTTe dra^ through the extremities of the ordinates is a 
curve of dynamieal stability. If it be required to know the 
work performed in incliniiig the ship to any intermediate 
an^e between those calculated, the ordinate to the curve 
from the point on the base representing the position of that 
angle is measured with the proper scale, and JJie product of 
the length of the ordinate and the displacement the ship 
is the total work performed. Plate XXVII. shows some 
curves of dynamical stability. The ordinates continually 
increase iintU the statical heeling moment becomes zero, after 
which, as the ship no longer offers resistance to heeling, but 
rather seeks to incline still forther, the work performed is 
negative, and the ordinates begin to diminish. The curve 
of dynamical stability crosses the base line at a point corre- 
sponding with such an angle that the work performed in 
inclining the ship to her angle of vanishing statical stability 
has been equalled by the work which would have been re- 
quired to prevent her inclining from that point to the angle 
referred to. 

The dynamical stabilily at any angle being the total work 
performed in heeling the ship to that angle, it is therefore 
the sum of the infinite number of moments of statical stabi- 
lily at all the infinitely dose intermediate angles between 
that position and when upright. In other words, the 
dynamical stability at any angle is the integral of the 
stotical stability. This is grapMcally represented in a yery 
intelligible manner by the area of the curve of statical stabi- 
lity induded between the origin of the curve and its ordinate 
at the angle in question. l£us, the dynamical stability at 
any angle may be readily calculated from the curve of statical 
stability, by simply finding the area of the portion of that 
curve up to the given angle, by means of Simpson's Bule, 
and multiplying Sie result by the displacement. 

Expressed algebraically, if Jfsthe statical stability at any 
angle 0, and XJ the dynamical stability, 



We shall presently show how the work of such a calcula* 
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tion is performed. It is, howeTer^ neoessary to fu st cxplaia 
the ordinary calculations for the curves of statioal and dyna- 
mical stability given in Table VIL 

131. Specimen Calculations for Curves of Statical and 
Dynamioal Stability. — ^I. The Body Plan. — The first opera- 
tion when pfroceeding to calculate the curve of stjibility of a 
ship is to prepare a soitable body plan. In the first place, 
the stations must be perpendicular to the load water line 
in order that the water lines may appear straight in the body 
plan. This is the invariable mode of preparing sheer draughts 
at the Admiralty, and the practice is very common in mer- 
chant yards. The stations should be from about one-twelfth 
to one-fourteenth of the length of the vessel apart, and, at 
the extremities, one or two stations at half intorvsls should 
be drawn. If the body is a full one, two such stations should 
be drawn at each extremily; but if the lines are of the 
ordinary character, one at each end will be sufficient (see 
Plate XXYI.). In drawing these stations, tiie form of the 
section should be completed across the uppermost continuous 
deck, the upper line being drawn to tiie round of that deck. 
Whenever there are recesses or embrasures in the side of the 
ship, water-tight elevations, such as breastworks, raised cen- 
tral batteries, etc., the section through such should show 
their exact external form. It is further necessary to have 
carefully drawn sheer and half-breadth plans, showing the 
forms of all irregulaiities as they appear in those plans, in 
order that their volumes, moments, etc., may be accurately 
calculated. In drawing the stations when there are any such 
irregularities of the deck and side as have been mentioned, 
it is the usual and by far tbe best way to draw the sections 
as if the side and deck were continuous, and first calculate 
to the continuous lines. The corrections due to the iiTegu- 
larities are afterwards treated as appendages/' as likewise 
are the portions of the bow and stem before and abaft the 
extreme stations. 

EDaving these plans ready, the next thing to be done is to 
draw the radiating lines representing the load water plane 
at equiangular inclinations, on the suppoeitbn that all these 
water planes pass through the longitudinal axis of the upright 
load water plane. The magnitu^ of the angular interval is 
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generally governed by that of the a&gle with the upright 
water plane which is made by the water plane when the 
ship is so inclined that the edge of the upper deck at amid- 
ships is just at the surface of the water. This is chosen as 
one of the angles at which the stability is calculated; for as 
the edge of the deck is a point of considerable discontinuity 
in the surface of the ship, it is desirable to make it what is 
termed a ''stop point in the integration/' when applying 
Simpson's Rule. This will be further explained presently. 
In tiie example shown by Plate XXYI., tlus angle is seen to 
be 32 degrees, and in oider that a water plane at that angle 
may be multiplied by 1, in affecting the water planes by the 
multipliers — 

1.4.1. 

1 • 4 • 1, etc. 

it is necessary that 32 degrees should be divided into an 
even number of intervals, to produce an odd number of 
ordinates. 16 degrees would be too laige an interval, but 8 
degrees does very well. Hence three radiating lines are 
drawn right across the body, both above and below the 
upright load water plane at 8 degrees apart The remainder 
of ^e 90 degrees is divided up into multiples of 8 degrees, 
the last being 88 degrees, and radiating lines drawn as 
before. In o^er to nduce the error wMch is necessarily 
occasioned by applying Simpson's Bule to a surface so dis- 
continuous as that of tiie side and deck of a ship, at the edge 
of the deck, it is usual to draw an intermediate plane at a 
half interval, just above the edge of the deck, as shown at 32 
degrees in the Plate. 

ISS. n. Measuring the Ordinates. — ^We have next to 
meaaare off the ordinates of the different water planes, and 
enter them upon the Pidiminaiy Tables. The numbers of 
the sections are written down in the first column of each of 
these tables, and the lengths of the ordinates in the second 
column. 

The ordinates for the load water plane are the same as 
would be inserted in a displacement sheet. Those of the 
water plane at 8 degrees for the immersed wedge are obtained 
by keeping one extremity of the scale at the point from which 
the lines radiatCi and reading off the intersections d the 
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stations of the fore and alter bodies mthtiie line at 8 degrees 
above the upright water plane, and those for the emerged 
vedge by roding off the intersections of the stations of the 
fore and after bodies with the line at 8 degrees below the 
upiight water plane. This process is perfonned separatelj 
for evexj angle, it being observed that where the radiating 
lines eitt the dedt the distances must be measured to such 
intersections; also remembering what has been already said, 
that the pi-ojoctlons beyond and ckpi cssions beneath the con- 
tinuous surface are afterwards treated as appendages, and 
thus the intersections of the radiating planes must be con- 
sidered at where the boundary of the section would be if the 
irregularity did not exist. It will be observed that, in the 
tables, we have given the measurements and calculations up 
to 32 degrees only, the remainder of the calculation being 
omitted from want of space, and because the portion given 
sufficiently illustrates the method of ananging the work in 
the calculations. 

18& nL Pzeliminary Tables.— The Fl^^minary Tables 
will be found to be arranged very similar to that shown in 
Table II., only that no notice is now taken of the longi- 
tudinal moments of the wedges, it being uo part of ti^e 
present calculation to determine the efifect of a transverse 
heel upon the longitudinal trim of the ship. In every other 
I'espect^ except the relative position of the tables for immersed 
and emerged wedges, the arrangement is the same. It wOl 
however be noticed that in ti^e Preliminary Tables now 
under consideration, the division by S^^peculiar to Simpson's 
1st Rule — ^is made in order to at once reduce the number of 
figures as much as possible, and thus make the remainder of 
the work less laborious. Also, the summation of the /uno- 
tiona of cubes is there made, in order that the calculation for 
the total moments of the wedges may be proceeded with at 
once on the subsequent calculation. 

184. lY. Oombuiatiim Tables is the name given to the 
subsequent calculations just alluded to. Their object is to 
determine from tiie sums of the functions of the ordinates, 
and those of their squares and cubes, the volumes and 
moments of the assumed wedges of immerdon and emersion, 
dlso tl^e {u:ea and tiie position of the centre of (pmvity of the 
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assnmed mdined water plane. By these are found the thick- 
ness, volume, and centre of gravity of the ''layer" of dia- 
placement^ which is added or removed in order to obtain the 
true volumes of the wedges, and the actual position of the 
inclined water plane. In this way the correction in moment 
is made, which is necessary owing to the water plane being 
assumed to pass through the longitudinal axis of the upright 
water plana These results, together with the corr^Hions 
due to appendages, before the value of OZ at any angle can 
be determined^ completes the work of the Combination Table. 
We will now consider these operations in detail. 

ISS. Y. Volumes of Assumed Wedges.— The sums of the 
functions of the squares of the ordinates of each of the radia- 
ting planes contained in the wedges of immersion and emer- 
sion having been found in the Freliminaiy Table, and divided 
by 3, as already mentioned; these values are inserted in the 
proper column in the Combination Table (see Table YIL), 
in the row corresponding to the number of degrees whidi the 
radiating plane is inclined to the upright water plane. They 
are then affected by the proper Simpson's Multiplier, and 
these new functions are added together. This la done for 
each wedge. The lesser result is then deducted from the 
gieater, and the remainder is a function of the excess in 
volume of one assumed wedge over the other. The difference 
is divided by 2, according to the rule given at Art. 49, and 
then after being multipliol by the longitudinal interval, and 
one-third the angular interval in circular measure, the result 
is the excess in volume of one wedge over the other. 

186. YI. Moments of Assumed Wedges for Btatieal 
Stability. — We have next to determine the sum of the 
moments of the assumed wedges about the longitudinal 
middle line plane of the ship. The sums of the functions of 
cubes of ordinates for both the immersed and emerged wedges, 
already divided by 3 on the Preliminary Table, are inserted 
in their respective rows, and affected by Simpson's Multiplier& 
The products resulting are then multiplied by the cosines of 
tlie inclinations of the respective radial planes with the 
inclined water plane, this latter being now perpendicular to 
the longitudinal middle line plane of the ship. The sum of 
the new products is multiplied bjr one-third the angular 
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intei*val in circular measure, and again by the longitudinal 
intei-val between the oi*dinates, the result is the moment of 
the assumed wedges for statical stability. Corrections hsve 
to be made before the moment of the tme wedges is deter- 
mined. 

137. VII. Area of Inclined Water Plane. — ^We have next 
to find the ai*ea of the inclined water plane, as the excess in 
volume of one wedge over the other, divided by this area^ 
gives the thickness of the layer, which must be added or 
removed, in order that wedges of equal volume shall remain. 
The area of the inclined water plane is readily found from 
the sums of the functions of the ordinates of tiie portion of 
the water plane belonging to each wedge, whidi have already 
l>een fomid in the Preliminary Table. The sum of these 
functions (already divided by 3), multiplied by the longi- 
tudinal interval, gives the total area of the water plane in 
question. The excess in volume of one wedge over the other, 
divided by this area, gives a very dose approximation to the 
thickness of the layer whidh must be added or removed. If 
the wedge of immersion is the greater of the two, the layer 
is removed, and viee ffena. It will be readily seen that half 
the thickness of the layer must be a very close approximation 
to the ver^oal position of its centre of gravity. 

laa ym. centre of araviiy of Inelined Water Plane. 

— The distance of the centre of gravity of the indined water 
plane from the longitudinal axis of the upright water plane 
IS a sufficiently close approximation to the distance of the 
centre of gravity of the layer from that point when the layer 
is not very thick. To find the distance of the centre of 
gravity of the inclined water plane from the point in question, 
we must find the difference in the moments of the two sides 
of that plane about the longitudinal axis of the upright water 
plane, and divide that difference by the area of the indined 
water plane. The difference of the moments of the two sides 
of that plane are found by taking the difference between the 
halves of the sums of the functions of the squares of the 
ordinates of the two sides, and multiplying it by the longi- 
tudinal interval; the sums having been already divided by 3. 
This resultant moment^ divided by the area of the inclined 
^^^i to r plane, gives the distance of its centre of gravity from 
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the axis about which moments were taken. The centre of 
gravity will, of course, he towards that side which has the 
excess of moment. As already mentioned^ the distance of 
the centre of gravity of the layer from the longitudinal 
middle line plane approximates very closely to the distance 
thus found, when the layer is not very thick. Should, how- 
ever, the layer be so ^ck that, in the judgment of the 
calculator, the distance of the centre of gravity of the inclined 
water plaiie from the axis is not a sufficiently good approxi- 
mation to the true distance of the centre of gravity of the 
lajrer from that axis, a closer approximation may be obtained 
in the following manner: Draw the actual inclined water 
line upon the body plan, so that the drawing will then con- 
tain the upper and lower bounding planes of the layer. 
CSalculate the distance of the centre of gravity of the true 
inclined water plane from the middle line of the body in the 
same way as tiie distance of the centre of gravity of the 
assumed inclined water plane has been obtained; and mark 
the pontions of these two centres of gravity upon the body 
plan. Join the two points, and bisect the joining line; the 
perpendicular distance of the point of bisection from the 
middle line of the body will be a dose approximation to the 
distance required. 

189. IX. Statioal OoxreGtion for Layer.— The assumed 
podtion of Ihe inclined water plane bemg in error, and a 
layer of dii^laoement having to be added or removed; in 
other words, volume having to be transferred from one wedge 
to the other, in order to make them equal, we have now to 
determine the neoessaiy correction in moment due to this 
assumption. This correction obviously consists of ^ moment 
of the excess of volume about the longitudinal middle line 
phme, or, in other words, the product of the excess into the 
distance of the centre of gravi^ of the layer from ^e axis of 
the upright water plane. If the centre of gravity of the layer 
lies toward that ode for which the assumed wedge is the 
greater, then deduct the correction; if it lies toward the 
ojmosite side, add the correction. 

140. X. Statical Coiraotion for Appendages.— In addition 
to the ooneotion just referred to, ottier corrections have fre- 
quently to be madb in consequence of appendages not having 
4b H 
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hitherto been taken into account in the calculation. The 
nature of some of these ap|)en(lages has already been referred 
to in Art. 131, others occur very often at the bow and stern 
of the ship l)eyonil the extreme ordinates. In every case 
the volume of the portion of the ai)pcndage included in every 
angle of inclination, both as regards the immersed and 
emerged wedges, must be calcu];ited. It is generiJly possible 
to guess very closely to the position of the centres of gravity 
of an appendage, and the moment of tlie latter is found by 
multiplying its volume by the distance from the axis of the 
upright water i)lane of a perpendicular from the centre of 
gravity of the appendage upon the inclined water plane. If 
the appendage adds to the volume of either of the wedges, the 
moment due to it must bo added wlieii making the correction ; 
but if the appendage is a negative one, produced by an em- 
brasure or some other recess in the side, the moment due to 
it must be deducted. 

Connections in the thickness of the layer, and in the area 
and position of the centre of gravity of the inclined wat^r 
plane have also to be frequently made in consequence of 
appendages which were not ])reviously taken into account. 
Care must be taken to include the correction due to the 
appendages, both in the excess in volume of one wedge over 
the other, and in the excess in moment of area of one side 
of the inclined water j)lano over that of the other side, before 
determining the correction for layer, referred to in the pre- 
ceding Article. The way in which tliese seveml corrections 
are included in the calculation is shown on the Combination 
Table for 32 degrees. 

^ 141. XI. Values of BN and 6?-^.— The various correc- 
tions having been made for the moments of the wedges, the 
correoted moment is divided by the displacement in cubic 
feet, the result being the value of BN (see fig. 2, Plate 
XVIII.), for the reasons given at Art. 88. 

Erom this BGsinO has to be deducted, 6 being the angle of 
inclination, the remainder is the value of GZ for that angle. 
The Talaes of GZ for successive angles of inclination are the 
ordmates of the curve of statical stability. 

The ordinates of a cuinre of stability are usually drawn to 
a scale of one quarter <^ an inch for every tenth part of a 
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foot in the valae of OZ^ and the abscissie to a Boale of one 
quarter of an inch for every degree of inclination. 

US. XTT. Check Spot at 90 Degrees.— -As a check npon 
tiie aoconuy of the corvey it is nsnal to calculate the Talue 
of &Z at an angle of 90 degrees* by an independent method. 
This is very desirable, as the figures in the seTeral Combina- 
tion Tables being copied from one to the other, an error made 
in one table wSl be repeated throughout all those which 
foUow, unless great care is taken. The method we are about 
to explain is very simple, and the work may be rapidly 
performed. Shotdd there be an error in the curve, thui 
separate calculation will be sure to discover it, and whether 
error is discovered or not, the satisfaction derived from 
the check is worth the trouble involved in the work of 
making it. 

Eeferiing to fig. 1, Plate XXYIII., the body plan there 
shown is that of a ship which is heeled over to an angle of 
90 degrees with the usual upright position ; so that the new 
water line is W-Jjy Suppose to be the position of the centre 
of buoyancy wben inclined at that angle, then the couple, 
tending to right the ship or upset her still farther, is i) x GZ 
where GZ is (as usual) the perpendicular from the centre of 
gravity upon the vertical through the new centre of buoy- 
ancy. If the vertical, through the new centre of buoyancy, 
cuts the middle line of the ship on the side of G, farthest 
from the upright water line, then the couple is an upsetting 
one, and the value of GZ is negative. This case is shown 
by Plate XXVIII. If the vertical is on the other side of 
G, the couple is a righting one, and the value of GZ is 
positive. 

The problem to be solved is to find the position of 
with regard to the upright water plane TFZ, that is, the dis 
tiLiice ZA; we are not concerned with its distance from the 
middle line of the ship. In order to determine the vahie of 
ZA, the easiest way is to use the curve of tons per inch of 

■ 

* This is in an ordinary case when OZ has neither a large positive 
nor a larse negative valne at that angle; in the case of a shij^ of low 
freeboard, whose range of stabiHty does not exceed, say, 60 dc<^reeg, 
a check spot is found at an angle near that at which the stability is 
Ipnnd to vanish. ... 
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immersion. From tliis curve can be readily calculated tlio 
areas of the lialf water ])lanes iih liigli as the load line, and 
if there is no discontinuity in the side of the ship, the curve 
can ])(» accurately continued to the upper deck by simply 
bending a batten to the curve already dniwn, and allowing 
its extremity to spring fairly. If this cannot be relied upon 
for the portion of the shij) above the load water line, a water 
line abort; the load line should be run off in the half-breadth 
plan, and its area anil tons per inch calculated. With this 
additional data, the curve can be continued to the upper deck. 
Next, water lines should be drawn in the body plan above 
the load line, the same distance a])art as those already used 
in calculating the curve of tons per inch. This will leave an 
appendage between the upper water line and the deck. Should 
this ai)pendage be inconveniently large, it will be better to 
draw in a new set of wjitcr lines, commencing at the uj)per 
deck at side on the midship section, and drawing them equi- 
distant. The half areas of these water lines ai*e at ouce 
found from the curve of tons per inch. 

It will be observed that in using these half areas we are 
supposing that AP is the load water plane when the ship ia 
inclined, Should there be a layer^ it is allowed for after- 
wards. 

By means of the half areas of water planes, the displace- 
ment and position of the centre of buoyancy of the ship, 
supposing her to float at the line are readily found hy 
8im]xson's Rule, and by taking moments in the usual way. 
Allowance must then be made for the appendage above the 
highest water line, and at other parts of the ship, according 
to the circumstances of the case; and after taking everything 
into account, the total displacement to the line is found, 
and the distance of the centre of buoyancy of that displace- 
ment from either of the water lines. 

Should the displacement so found be less than that of the 
ship, it shows that she will sink deeper, and therefore a layer 
lias to bo added; should the displacement, however, be greater, 
tlie contmry is indicated. 

We will suppose the usual case, viz., that the total dia- 
placeinent is greater than that of the ship when floating at the 
line AF, We have then to calculate the area of the vertical 
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longitudinal middle line plane of the ship from the keel to 
up|>er deck. Divide the difterence between the displace- 
ments, expressed in cubic feet, by the area thus found, and 
the result will be a close approximation to the thickness of 
the layer A Ay Should AA^ he sufficiently large to cause 
the water line W^L^ to differ in area much from the middle 
line plane AP^ the actual area of W-^^L^ should be found, 
and a correction made in the value of A Ay The distance of 
the centre of buoyancy of the layer from the line WL is 
readily found, and the correction in the position of the centre 
of buoyancy of the Avhole displacement with regard to WL 
can then be made. Tlie value of AG being thus found, the 
distance GZia at once known for an inclination of 90 degrees. 
If the work is accurately performed, and the curve of stain lity 
correctly drawn, the value of GZ will agree with the ordinate 
of the curve at that angle. 

143. Curve of Dynamical Stability. — The same Prelimi- 
nary Tables are used as for the curve of statical stability. 
The Combination Tables given on Table VII. show on the 
right hand side the separate work for the curve of dynamical 
stability. As will be seen, the additional work consists in 
multiplying the products of the sums of functions of cubes 
by the sines instead of the cosines of the inclinations which 
the radiating planes make with the plane at the particular 
angle under consi delation. The reason for this course of 
procedure is explained at Art. 51. The sum of the results of 
these multii)lications is divided by 3, and then by the proper 
fraction of the angular interval, according to the j)articular 
rule for integration which is adopted. This is again multi- 
plied by the longitudinal interval, after which the corrections 
for the appendages and layer have to be made. 

The correction for appendages is obtained by using the 
volumes of appendages obtiiincd for the statical curve. The 
moment of an appendage for dynamical stal)ility is found by 
multiplying its volume by the perpendicular distance of its 
centre of gravity from the inclined water plane, at the angle 
imder consideration. If the appendage is a positive one, i.e., a 
projection on the surfiice of the ship, the correction must be an 
additive one in all cases; and if it consists of an indent, such 
as an embrasurei etc., the correction is a subtractive one. 



Digitized by Go. 



198 



THEO&ETICAL NAVAL ARCUITfiCTURE. 



The correcti(yji for the layer has now to be made. The 
manner of linding the thickness of the layer is given at Art. 
137. For all practical purposes, the centre of gravity of the 
layer may he taken at the middle of its thickness; hence to 
find the dynamical correction, the volume of the layer is 
multiplied by half its thicknessi and this correction is always 
a subtractive one. 

These con-ections having been made, the result is divided 
by the volume of displacement in cubic feet, and the result 
is the value of B^^I^ for that angle. We have only to deduct 
from this the value of BG versin 0 (6 being the angle under 
consideration), and the result is the lever of dynamicixl 
stability, or the distance through which the displacement is 
lifted in inclining the ship from the upright position to that 
angle. The curve of dynamical stability is constructed with 
t]H\sc ordinates similarly to the curve of statical stability. 
Plate XXVIII., fig. 2, shows the curves of statical and 
dynamical stability of the ship shown by Plate XXVI., the 
calculations for which are made in Table VIL 

144. Geometrical Mode of Calculating Dynamical 
Stability. — At Art. 130, we indicated the method by which 
the curve of dynamical stability is calculated and constructed 
from the curve of statical stability. As we there stated, the 
dynamical stability at any angle is the integral of the 
statical stability; or the area of the curve of statical stability 
included between the origin of the curve and its ordinate at 
the angle in question. The process of geometrical integra- 
tion was explained at Art. 42. In order to apply the method 
there explained to finding the area of a curve of statical 
stability, it must be remembered that the abscisste of such a 
curve cannot be measured with a scale in the same way as 
the ordinates j for while the latter are dmwn to some specific 
scale, the former merely inform the calculator I'egarding the 
number of degrees whose circular measure has to be taken 
into account. 

For instance, suppose the ordinate of the curve of dynami- 
cal stiibility at 40 degrees be required for the ship whose 
curve of statical stability is given in fig. 2, Plate XXVIII. 
The problem before us is to find the area of the curved surface 
ABC, the lengths of the ordinates in feet being shown hj the 
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f?cjile on the dia,£,'!*ani, and the common interv^al is the cii'cular 
measure of 10 degrees. Hence ^^'e proceed as follows: — 



0"* 


0x1 = 


0 




•5x4- 


2 0 




1-2x2 = 


2-4 


40* 


2*1 X 4 := 


8-4 


2-8x1 = 


2*8 



8 )15^ 
6*2 



The circular measure of 10 degrees is '1746. 
-1746 X 6*2 = -908. 

Hence -DOS feet is the length of the ordinate at 40 
degrees of the curve of dynamical stability. The oniinates 
of this curve will continue to increase until that angle of 
inclination is attained, at which tlic statical stability vanishes; 
when the dynamical stability will be a maximum. After 
this the ordinatcs diminish until a })oint is attained, at which 
the area of the curve of statical stability below the base lino 
is equal to that above it — when the dynamical stability will 
be zero. The work done by the ship herself in completing 
the capsize is then equal to the work done to incline her 
before the point of vanishing stability was attained — or whero 
slie commenced to offer oj)position to returning to the upright 
position rather than to being inclined still farther. 

145. Curve of Statical Stability at Light Draught. — If 
a ship when at sea always floated at the same mean draught 
of water — even although the trim varied somewhat — tho 
curve of stability at tlie load draught and trim would represent 
the condition of the shij) in that respect, with a sufficient 
degree of accuracy for all useful purposes. But it happens 
that the longer a ship is at sea the less her mean immeraion 
becomes, until all consumable stores are gone. In the case 
of a steam ship this condition is still further affected by 
burning the coals, and the boilers and engine condensers being 
emptied of their water. It need hardly be pointed out that 
in this " ordinary light condition," as it is termed in the 
Royal Navy, the curve of stability of the ship is very diflc- 
rent to that in the load condition. The alteration in the 
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curve is duo to two causes — Ist, to the change in the position 
of the centre of gravity; and 2nd, to the change in the 
rehitive forms of the portions of the body that are in the 
water and out of it. 

The " ordinary light condition" is that condition in which 
a ship has — 

1. The boilen empty. 

2. The fresh water tanks empty. 

3. All provisions consumed. 

4. No water in the engine condensers. 

5. All coals consumed. 

6. All consumable stores used. 

The consumable stores referred to are taken as one-half of 
the weights of the engineers', gunner's, carpenter's, and 
boatswain's stores. This is, of course, a very improbable 
condition; but as it represents the worst conceivable condi- 
tion, it is desirable to know the curve of stability at such a 
time, for then we ai'e aware what are the limits of its phases 
between the load and the lightest probable draughts of water. 

In most vessels the removal of the weights above named, 
causes the centre of gravity of the ship to rise, with regard to the 
underside of keel. Consequently, in ordinary cases the range 
of the curve of stability will be less in the light than in the 
load condition. If, however, the vessel in the load condition 
hiis a very low freeboard, it is quite i)ossible that the increase 
of freeboard, due to the removal of the weights, will more 
than compensate for the raising of the centre of gravity, 
especially if the weights removed were originally stowed 
tolerably high in the vessel. In any case, the curve of 
stability is not so much reduced in a ship of low as in one 
of high freeboard by placing her in the usual light ccmdition. 

Having the curve of stability in the load condition, the 
curve in the light condition may be deduced from it by the 
following method, without going through all the labour of 
calculating a separate curve by independent means. 

The first thing to be done in this calculation is to find the 
centre of gravity of the ship when the weights already named 
are removed. The mode of doing this is wown at page 140. 

The corrections to be made in the known curve are of a 
twofold character, as already stated, viz., that due to the 
change of mean draught; and that due to the vertical rise of 
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the centre of gravity. The alteration of trim is not taken 
into account, it being found by experience that the cui*\'e is 
not affected by the small changes of this kind that usually 
occur. The weight of the stores removed from the ship, 
divided by the " tons per inch of immersion " at the load 
draught, gives a first approximation to the distance between 
the load and light water lines. A mean between the tons 
per inch of immci-sion at the light line thus found, and the 
load tons per inch gives a very close approximation to the 
real tons per inch of immersion to be used. It is, perhaps, 
hardly necessary to say that the tons per inch at the assumed 
light line is found by reference to the " curve of tons per 
inch of immersion" (see Art. 39). The weight removed, 
divided by the mean tons per inch, gives the actual diHtance 
of the light line below the load line in the body plan. J u 
fig. 1 of Plate XXIX., WL is the load line, and U\L^ is the 
li^cht line thus found for a certain tissumed case: the lavor 
of displacement between JTL and W^L^ being equal to the 
weight of the consumable stores. 

Let D = the total dis])lacement of the fully-equipped vcsHel, 
and d = the weight removed; also let = the light displace- 
ment. Then 

In the figure, G is the i)Osition of the centre of gravity of 
the fully-equipped slii]), and is the centre of gravity of tlio 
ship in the light condition, so that the centre of gravity has 
risen through the distance GG^. 

Now suj)poso the vessel inclined througli an angle B; it is 
required to determine the length of the arm of the righting 
couple at that angle, in order to construct the curve of 
stability for tlie lightened ship; it being known that GZ 
is the length of tlie arm at that angle in the load condition. 

From the original calculation for the curve of stability of 
the fully-t?qni])ped ship, the position of the load water lino 
in the inclined condition at the angle 6 is known. Let zrl 
be that line. Again, the area of a plane A/ij, passing through 
the middle point yl, and inclined at the angle dy was also 
found in the original calculation. Thus a tii-st approxima- 
tion to the distance of the inclined liglit line w^l^f below 
the inclined load line wl, is at once fuujid by dividing the 
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displacement d of the layer by the area of the plane hhy. 
This distance is termed the " thickness of the layer." If it 
be dosired, the actual volume of this layer, and the distance 
of its centre of gravity from the line All^ drawn through A, 
|K)rj)endicular to ///ij, can be found by calculating the areas 
and centres of gravity of equidistant sections of the layer, 
and integrating them by Simpson's Rule in the ordinary way. 
If the vohune is found unequal to dy coiTections may then 
be made in the value of t — tlie thickness of the layer — until 
a perfect equality results. Such a calculation is, however, 
never needed in practice for finding the statical stability, as 
there cannot be an appreciable error in the iiei'pendicular 
distance of the centre of gravity of the layer from the lino AR, 
if Ave assume that the centre of gravity of a plane, midway 
between ivl and u\l^y is also the contro of gravity of the layer. 
This assumption is commonly made in tliese calculations. 

Let a be the peq^endicular distance of the centre of gi'avity 
C of the layer, found in this w^ay, from the line AR. Also 
let BN be the perpendicular from the upright centre of 
buoyancy B of the fully-equipped ship upon B^M, the vertical 
through the centre of buoyancy when tlie ship is inclined 
through an angle 0; and let BN^ be the peii^endicular upon 
B^^M^y the vertical through the centre of buoyancy of the 
lightened ship at the same angle. 

Then BN - BA Bin ^ RN, 
and a+(BK~BABin^)=CA+KN. 

Conseqaently, taking moments about MB^^ we hare 

d{a-i- (BJS^ - BA sin } = Dj x NN^, 

^„ d{a+(BN-BA8in#)} 
or NN,= .-i 

It should here be remarked tliat it often happens that the 
line i>\7l/, and sometimes the point (7, are on tlillcrent sides 
of AR i\i diiierent angles of heel; and so the signs in the 
expression 

{a + (BN-BA8inO} 

should be carefully considered for each angle. 
Having the value of NX^^ we know that of BN-^ 

8ino9 BNi=BN+NNx 
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for BN is found from the original stability calculation. 
Again, it slioulcl be remarked that the sii^is of this expres- 
sion should be carefully noticed for every angle of heel, as 
M^Br, may at some angles be on the other side of MBy 
Having BN^ we know the value of G^^yf since 

GiZ|=:BKi-BG^8m 

The value of B2^-^ should be calculated for each of ihe angles 
of heel at which the value of OZ was found in the oii^^ial 
stability calculation for the load condition; in order that the 
value of G^Z^ may be found for the same angles. 

Fig. 2, Plate XXIX., shows two curves of statical stability 
for the same vessel, one being in the load, and the other in the 
light condition. The effect of removing the stores already 
enumerated, in the case of an ordinaiy ship, upon the height 
and extent of the curve is shown by this figure^ In &is 
example the maximum value of GZ is about 3*5 ft., and this 
is attained at an angle of 51 degrees; the stability vanishing 
at 86 degree& In the lij^t condition the maximum value 
of G-^Z^ is attained at, an inclination of 54 degrees, being 
then 3 fi; while the stability vanishes at 79 degrees. Two 
facts will be noticed here, viz., 1st, that owing to the greater 
freeboard in the light condition, the maximum stability is 
attained at an inclination of 3 degrees greater than when she 
is fully equipped, although owing to tiie centre of gravity 
being raised, the leverage is 6 in. less; 2nd, that owing to 
the elevation of the centre of gravity when the ship is light, 
the stability vanishes at an inclination of 7 d^prees less &an 
when fully equipped. 

By a similar process the curve of stability can be found 
when the ship ia floating at a deeper draught than that for 
which the original curve was calculated. 
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WAVES AND BOLUNG. 

Still Water KoUing—The Bevolving Pendulum— Isochronous and 
Free OseUlalioiut— 'The Equivalent Pendulum — ^Radius of Gyra- 
tion — Period of Still Water RoUing — Winging out the Weights 
— Pitching — Still WaterResiatances to Rolling — Dipping — Period 
of Dipping — ^Waves : their Forms — Motion — Form of Surface — 
Motion of Wave Surface and Sub-surfaces — Sub-surfaces of 
Unif onn Firessiire— Beenltent Pkeaniiw— EffiBctive Wave Surface 
— ^Internal Structure of a Wave — Period of a Wave — ^Rolee and 
Formulie for Waves— Passive Rolling — Rolling in a Sea-way— 
Sti^ess— Steadiness — ^Periods of Oscillations of certain Ships. 

146. Still Water Boiling.— When a sliipy floating in 
BtDl water, has been forcibly inclined ont of her normal or 
upright position of equilibrium, a certain force is required to 
retain her in the indmed condition. If that force is suddenly 
removed, she at once seeks to restore the statical equilibrium 
that had been thus destroyed. In returning to the normal 
position a certain amount of mechanical work is accumulated 
which carries the ship beyond the upright position to an angle 
of inclination on the opposite side. If the return motion 
of the ship Is unresisted, the angle to whidi she inclines on 
the opposite dde of the upright position is the same as that 
at which she was inclined before the force which kept her 
there was removed. The ship then commences a return 
motion which results in an oscillation of the same amplitude 
as before; and so the rolling continues ad tm^itom* This 
hypothetical case is termed ^'unresisted ruling in sHU water:' 
It need hardly be stated that the friction of tiie water on the 
ship's bottom, the irregularities of her form, and the resist- 
ance of the atmosphere, all tend to diminish the force which 
causes the motion, and therefore continually reduce the 
ampUtude of the oscillation until the ship ultimately arrives 
at a state of rest in her normal position of uprightnesSi 



Digitized by Google 



STILL WATER ROLLING. 



205 



The similaiity between the cases of a sLip and a simple 
pendulum is ob\iuus. There is, however, this diilerence 
between them, that whereas the pendulum oscillates about a 
certain fixed point, a ship when rolling oscillates about a 
point which travels in a certain path, governed by the form 
of the vessel, and the position of her centre of gntvity. 

The study of unresisted rollinrj is instructive only in so far 
as we can gather from it the principles which govern the 
rolling of a ship under the circumstances which actually 
occur. By the application of the principles which regulate 
the motion of a pendulum, we are enabled to determine many 
facts regarding the rolling of ships, on the supposition that 
their oscillations are unrestrained. The actual amount of 
resistance offered to that motion in a real case is difiicult, 
and, in fact, impossible, to determine by calculation before- 
hand; but by taking account of the time which elapses before 
the shij) comes to a state of rest, the resistance can be experi- 
mentally dettirmined. This resistance has not only tlie ellect 
of finally extinguishing tlie rolling motion, but also of 
diminishing the extent of rolling and lengthening the periodic 
time. The late Professor Rankine has proved that the fluid 
resistances ofiered to a vessel's motion, in the form of friction, 
and by volumes of water being set in motion by the keel, 
bilge keels, and sharp parts of the body, cause the extent of 
rolling to be diminished nearly in geometrical progression, at 
a rate increasing with the amount of resistance, and diminish- 
ing with the increase of the vessel's moment of inertia. Also 
that the jKjriod of the oscillation is increased to an extent 
which would follow if the raclius of gyration were increased 
in a ])articular ratio, which ratio varies directly as the 
amount of resistance exerted, and inversely as the distance 
which the metacentre is above the centre of gravity. 

Such rolling as we have been considering, wherein the ship 
is supposed to be floating in still water, and merely under the 
influence of the resistances we have named, is termed ^^free 
roUhigy Even this case, including as it does more usual con- 
ditions than those we started with, is still never met with in 
practice ; at least to such an extent as to render it worthy of 
our consideration upon its own merits only. The cases of 
rolling which are of the greatest importance^ by reason of 
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their general occuiTence, are those of a ship among waves, 
where, in addition to the resistances ali*eady named, the 
motion of the vessel is further influenced by that of the par- 
ticles of water in which she floats. Tlie rolling motion com- 
municated to a ship by waves is termed '•'^ forced roUing" and 
the movements of the ship are termed ^''forced oscillation.^^ 
"We will first discuss the question of free roUingy in order that 
we may be able to establish certain principles to guide iis in 
dealing with the complex — and as yet scarcely understood — 
problem of forced oscillations^ and the compound motions of 
a ship among waves. 

147. The Revolving Pendulum. — In considering the oscil- 
lations of ships it is convenient to compare them to the motion 
of a revolviiig pendulum * and express the rolling properties 
of the sliip in terms of those of an equivalent revolving pen- 
dulum whose time of revolution is the same as the period of 
the ship's oscillation. It should be here observed that by the 
period of the oscillation is meant the time occupied by a 
complete or double oscillation which brings the body back to 
the same position and condition as when it started. 

The principles of the pendulum are discussed in every 
treatise on dynamics, consequently we do not propose to con- 
sider them here, but shall content ourselves with merely 
stating the results of such investigations and taking them as 
demonstrnted. 

When a body is constrained to revolve in a circle with a 
uniform speed, the deflecting force which impresses a circular 
instead of a rectilinear motion is equal to 

or 

where Tr=the weight of the body, v = its velocity, r = tho 
i-adius of the circle^ and g the accumulating force of gravity 
(32-2). 

If A represents the angular velocity in oiroular measure, 

then trrrAr, 

and the deflecting force expressed in these terms a 

WA»r« WAV 
gr " 82'2 • 

* Such as the governor of a steam enginei 
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It is nsoallf more oonyenient to express the speed of 
revolntioii by means of xevolutioiis per seooncL Let S = the 
number of rerolutions per seooncL Then As 2«S, and the 
deflecting forces 

4WS«ir«r WS*r 
g ~ -SIM* 

If S = tho number of revolutions per minute, the aboTO 
expression becomes 

2935 * 

In fig. 1, Plate XXX, CA represents a revolving pendulum 
consisting of a weight C hung from the point A, and swing- 
ing round the vertical axis in a circle whose radius is CB, 

AB is the height of the pendulum, which, therefore, 
diminishes as the angle OAB incresses. 

If a force is communicated to the weight, it is by means of 
the rod or string AC; hence the tension of that string or rod 
is equal to the sum of the weight and the deflecting force. 
Therefore^ if deflecting force, and ITa weight, 

P : W=CB : AB; 

WS^xCB 

•8154 
- ^^^^ -8154 xP 

•8154 

This result may bo represented by the following rules : — 

I. To find the height in feet of a revolving pendulum which 
makes a given number of revolutions per second : Divide 
•8154 by the sqiuire of the number of revolutions per second; 
or divide 2935 6y Ute sqvure of tlie nwmber of revolutions per 
minute. 

II. To find the number of revolutions made in a given time 
by a revolving pendulum of a given height: Divide '8154 
by the height in feetf and the square root of tJie quotient gives 
the number of revolutions per second; or, divide 2935 by the 
height in feet and tlie square root of </w qitotimt gives th^ 
number of revolutions pet minute. 



ButP= 

AB = 



•8154 ~ 
WxCB 
P 

AB = 
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148. Isochronous Oscillations. — When the period of the 
oscillation of a body is the same, whether the oscillation be 
large or small, the oscillation is said to be isochronous. On 
the supposition that the rolling motion of a ship is of this 
character, the height of its equivalent pendulum may be found 
by means of the following ratio; it being observed that the 
necessary condition of isochronous rolling is that the righting 
moment of the skip shall be proportional to the angle at which 
she is inclined.* 

Let M=the righting moment at an angle 
I = the moment of inertia of the snip, 
„ A = tlie height of equivalent pendulum; 

Then, M : 1 = ^ : A; 



Having the value of A, the number of oscillations per second 
or minute may be found by the Boles given in the preceding 
Article. 

By means of formula (A) the height of the equivalent pendu- 
lum may be found for oscillations not exceeding 10 degi^ees 
each way, or for a total amplitude of 20 degrees ; as up to 
this inclination the righting couple is generally almost pro- 
portional to the angle of heel. In the following remarks the 
oscillations of ships will be treated as isochronous, as the error 
thus introduced is so slight as not to be of any practical im- 
portance, provided the oscillation does not exceed 15 or 20 
degrees each way. 

Professor Rankine has shown in a paper read before the 
Institution of Naval Architects in 1864, tliat the conditions 
for an isochronous rolling sliip is, that the metacentric 
evolute is the involute of a cii-cle described about the centre 
of gi-avity and thi'ough the metacentre; and, consequently, 
the metacentric involute is the involute of the involute of 
that circle." In other words, the metacentric (see Art. 79) 
is the involute of a circle passing through the metacentre, and 
whose centre is the centre of gravity, so that the curve of 
buoyancy (see Art. 77) is the involute of the involute of that 

* FW>m this it is evident that the curve of stabilily is a straig|ht 
lino up to that aqgto ol inoluiatian at which tiie roUing ceases to oo 
isoohrooous. 
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circle. It is evident that for small inclinations this condition 
is practically fulfilled in all cases. 

149. Free Oscillations. — A ship is capable of three kinds 
of free oscillations, viz., rolling, or oscillation about a longi- 
tudinal axis; pitching, or oscillation about a transvereo axis; 
and dipping, or vertical oscillation with regard to the sm-faco 
of still water. 

160. Axis of Rotation. — Rolling, when not accompanied 
by pitching nor dipping, is performed about a longitudinal axis, 
Instead, however, of this axis being fixed, like the point of 
suspension of a pendulum, it has a motion which, in the case 
of unresisted or free rolling, such as we are now considering, 
is easily determined. Suppose the surface of flotation (see 
Art. 74) and the surface of the still water to become rigid 
without friction, so that the former may roll or slide freely 
upon the latter without being interfered with by the body of 
the vessel, but only subjected to the forces of weight and 
buoyancy acting through their respective centres. The con- 
dition is then exactly analogous to that of a ship rolling freely 
in still water and influenced by the resistances which actually 
occur in such a case. We have simply the case of a smooth 
solid body without weight rolling upon a smooth horizontal 
plane under the action of certain forces. 

In fig. 2, Plate XXX., the transverse section of a ship 
is shown, of which HP is the middle line, and WL the load 
water line in the upright condition. The ship is shown 
inclined, so that W^L^ is the new load water line. FAF^ is 
a transverse section of the suiface of flotation, S being the 
point of contact of the curve of flotation with the inclined 
position of the water line WyL^, The ship is therefore sup 
posed to be in such a condition that its rigid surface of flota- 
tion FAF'^ is rolling upon the rigid surface of the water. 
Being under the influence of forces which act vertically, the 
motion of the centre of gravity must be in a vertical dii ection; 
consequently, at any instant, the axis about which the body 
is rotating will be found in a horizontal line GO, Again, the 
instantaneous direction of motion of the point of contact of 
the surface of flotation with the water surface must be along 
the plane of the latter, and therefore its motion is horizontal. 
From this, it follows that the instantaneous axis must be in 
4b 0 
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the line SO drawn througli the point of contact perpendicular 
to the water plane. Having GO and SO the oo-ordinates of 
the ]>oint, therefore 0 is the position of the instantaneous 
axis corresponding to the inclined position of the ship shown 
in the figure. By tracing the locus of the point Of it will be 
found to be a cunre of tibe character O^GO passing through 
the centre of gravity. 

15L Relation between a Ship and her Equivalent Pen- 
dulunL — ^In Art. 148 we stated that 



But the value of /—or the moment of inertia of a ship about 
a longitudinal axis — is equal to her displacement, multiplied 
hj the square of her transverse radius of gyration. This 
follows from the principles of moments of inertia enunciated 
at Art. 52. Expressed algebraically this will be 

k being the length of the radius of gyration. Also the 
moment of the righting couple is very nearly equal to the 
displacement multiplied by the height of metacentre above 
centre of gravity, multiplied by the angle tif heel in circular 
measure. Expressed algebraically — 

M=DxGMx^. 
Bat h=,^, 

=^=^, putting m for 6M. 

Hence we have the following rule: — 

Divide the square of the ship^s transverse radius of gyration 
hif the height of her metacentre about her centre of gravity ; 
the quotient will be the height of lier equivalent pendulum J<yr 
rolling. 

By Bule II., Art, 147, we have, calling T the time in 
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seconds in which the complete roll from port to starboard 
is made. 



152. Geometrical Method of finding h. — Professor Ran- 
kine has given a simple geometrical construction for finding 
the height of the equivalent pendulum. In fig. 3, Plate XXX. , 
let G represent the ship's centre of gravity, and M her meta- 
centre. Perpendicular to (rJ/di-aw GR equal to the transverse 
radius of gyration. Join MR; and peqiendicular to it draw 
BP, cutting MG produced in P: GF will bo the height of 
the equivalent pendulum required. 

Professor Kankine also adds the following : To represent 
a compound pendtUum, which shall have not only the same 
period of oscillation with the ship, but the same statical and 
dynamical stability, proceed as follows: — About M (fig. 3, 
Plate XXX.), with a radius equal to GR, draw a circular 
arc, cutting the straight line RG in two points By 7?, equi- 
distant from G. Conceive that 3fBB represents a light 
triangular fi*ame, hung from the point M; and th.ifc it is 
loaded by having one hnlf of the vjeight of the ship concen- 
trated at each of the points B, B; the triangular frame, so 
suspended and loaded^ will be the compotmd pendulum, 
required. 

163. To find the Radius of Gyration. — Tt is a very 
difficult problem to determine the radius of gyration of 
a ship by measurement and calculation. Tlio hull and 
equipment consist of so many items of differ en t form and 
specific gi-avity that the task is impracticable. But by 
experiment, after the ship is built and equipped, the length 
of the radius of gyration is readily determined from the 
observed period of the ship's free rolling. The length being 
once determined for any ship, a very close npproximation 
can be made for that of another ship of similar character by 
simply making allowance for the diirerenees in the weights 
and positions of the principal elements in the hull and equip- 
inenti In this wa^ the designer is able to predict with 
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tolerable accuracy the length of the radius of gyration of a 
new design, provided he laiowB its length in another ship of 
similar form and construction. 

The experiment for ihuling the length of the radius of 
gyration is conducted in the following manner: The ship, 
floating in still water, is forcibly inclined through a moderate 
angle^ say 5 to 10 degrees, and then allowed to roll freely. 
The number of double rolls, or complete oscillations from 
side to side, in a convenient interval of time is then counted, 
and the time, divided by the number, gives the period of 
rolling. 

L Mfdtlphj the squa/rB qf the period in $econd$ hy *815, atid 
the remit will he the height of the equivalent pendvium tn feet, 

11. MuUiphj the height of the equivalent pendulum hy the 
hevjht of (he ships metacentre above her centre of yravity; 
the product will be the square of Jier radius of gyration. 

If 2^= the period of rolling as observed. Then, using the 
nomenclature ali'eady adopted in this chapteri Kule L will 
be expressed thus^ 



The first formulae agrees with Rule T. of Art 147, while tho 
second is identical with the formuiie already given in Art. 



154. Regulation of the Period of Rolling. — A glance 
at the expression for tho period of free rolling 



shows that T increases as k increases, but diminishes as m 
becomes greater. From this we see that to increase the 
period of rolling either or both of two expedients maybe 
adopted ; the length of the radius of gyration may be increased; 
the distance between the centre of gravity and metacentre 
may be diminished; or both of these changes may be made. 
The reverse of these alterations, of course, produces a con- 
tituy effect The radius of gyration is increased in length 
by what is termed "winging out the weights/' t,«., by 



A= -815 X» 



and Hule XL 



k*=mh 



151. 
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spl^adiiig out the principal weights farther from the middle 
line of the ship. Consequently, placing armour on the sides 
of ships increases the period of rolling considerably beyond 
what it would be if the same weights were distributed uni- 
formly as in unarmoured ships. As we shall see hereafter, 
there is an advantage to be obtained in a ship's behaviour 
among waves by increasing her period of rolling, and, conse- 
quently, the system of armour plating the sides of ships 
lends itself very usefully in attaining that end. 

The distance between the metacentre and centre of gravity 
may be diminished or increased by changes in l)oth tlic form 
and stowage of the ship. Widening the ship at the load 
water line, or fincing tlic form below, raises the metacentre 
with regard to the undereide of keel, and vice versa. Also 
giving a rising floor raises the centre of buoyancy with regard 
to the underside of keel; and giving a Hat floor or barge-like 
form to the body lowers the centre of buoyancy. By com- 
bining these two sets of changes, it is possible to raise or 
depress the metacentre with regard to the water line or 
imderside of keel. But changes in form are not so readily 
accomplished as changes in stowage, as the sha{)e of the 
vessel is usually influenced by other considerations than 
those of stability or rolling. So that we may say the period 
of rolling of a ship is diminislied by raising the centre of 
gravity, and vice versa. 

It is, however, obvious that a reduction in the value of 
GM (or m in our formula;), causes a loss of stability, and it 
may happen that the value of 77i, which is best adapted for 
slow and steady rolling, is too small to ensure the requisite 
stability in a low-sided or heavily-rigged ship. Consequently, 
tbe best mode, if practicable, of increasing the period of a 
ship's rolling is to increase the length of the radius of gyra- 
tion, which is accomplished by "winging out the weight." 

155. Effect of "Winging out the Weights."— Supi)oso 
a pair of equal weights to be originally situated with their 
centres of gravity at equal distances on opposite sides of the 
longitudinal vertical middle line j)lane of the vessel, and that 
they are shifted out at greater, Imt still equal, distances in a 
hr>rizontal dii'cction from that i)lane; to flud the increase in 
the length of the ship's radius of gyration. 
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From the square of the new distance of tlie centre of gravity 
of eitJuir weiyht from tite middle line, subtract the square of 
the orl'jinal distance; mulliplt/ the remainder by the sum of 
the shi/lcd weights f and divide by the displacement; tlie square 
root of the quotient toiU be tJ^ imcreim of Uia 8hip'9 transvene 
radius of gyration. 

Expressed algebraically- 
Let D - displacement. 
W — each weij^ht. 

I z=. origiual distance of the G of each weight from middle line. 
„ =new distance of the G of each weight from middle line* 
„ h = original radius of gyration. 
19 K =n6vr radius of gjrratioD. 

156. Pitching. — ^As rolling is the name given to the trans- 
verse oscillations of a ship about a longitudinal axis, WipUchr 
ing designates the longitudinal rolling about a transverse axis. 

The same principles are involved in the two kinds of oscil- 
lation, between which there may be any number of directions 
in which oscillations may take place. In point of fact, direct 
rolling or pitching are rarely observed, as even in still water 
one motion gives rise to the other, owing to the difference in, 
the forms of the wedges of immersion and emersion. The 
oscillatory motion of a ship is generally in a diagonal direction. 

The term pitching, as here employed, denotes the complete 
or double oscillation, but in practice the lowering of the bow 
and raising of the stem is spoken of as pitching, the other 
half of the oscillation, which consists of raising the bow and 
lowering the stem, is termed scending. 

The principles which regulate the pitching oflcillations, and 
the rules applying to them, are the same as for rolling, and 
therefore do not require separate treatmentb Tnftt^^ of the. 
height of the transverse metacentre above the centre of 
gravity, that of the longitudinal metacentre is substituted; 
and instead of the ti*ansvei*se radius of gyration we iise the 
longitudinal radius; the latter being a quantity which, if 
calculated, would be found by multiplying each weight in the 
ship bjr the square of its distance from a traDsveEse axis 
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through the centre of gravity, adding together the products, 
dividing by the dispkcement^ and ttddug the square root of 
the quotient. 

167. Begulation of Period of Pitching. — ^As we shall see 
hereaftei*, it is generally desirable that the period of a ship's 
pitching should be as short as possible, or, in other worda» that 
she should be lively." As in the cases of rolling there are 
two modes of producing this, viz., by shortening the length 
of the longitudinal radius of gyration, or by increasing the 
height of the longitudinal metacentre above the centre of 
gravity. There are difficulties in the w&j of making a change 
in the period by the latter coui-se of procedure. In the first 
place, tiie height of a ship's longitudinal metacentre above 
her centre of gravity is usually so great that a very consider- 
able lowering of the centre of gravity would be necessary in 
order to produce an appreciable change. And, secondly, an 
increase in the height of the longitudinal metacentre above 
the centre of bnoyanisy is only effected by filling out the lines 
at the bow or stem; and as by so doing ^e speed is consider- 
ably reduced, it is evident that there are great objections to 
that course. The only practicable manner then of producing 
" liveliness " in pitching, is by stowing the principal weights 
as close lengthwise to the centre of gravity of the ship as 
possible. 

158. Still Water Resistance to Rolling.— ^Hitherto we 
have supposed no resistance to be offered by the water to a 
ship's oscnllatory motions; we shall now consider the effect of 
iihe passive renstances of the water upon the surface of the 
8hij)'s bottom. By such resistance we do not include the 
statical forces ^yhich tend to light or upset a vessel, but the 
resistances to her motion whatever the direction of that motion 
may be. The observed e£Eeot of passive resistance upon free 
xolUng is to diminish the amplitude of the roll and cause the 
oscillations to gradually ^imwiffh extent and finally become 
extinguished. 

The resistance of a fluid to the motion of a body immei^ed 
in it consists of two parts : one of these is the effect of the 
resistance of the fluid })articles to sliding past each other, and 
the other is the waste of mechanical work in producing eddies 
in the fluid. 
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The first of these is proportional to the velocity of the 
motion of the body, and ike second is proportional to the 
square of that velocity. 

These resistances vary with the form and nature of the 
surface of the ship's bottom. It is evident that the tendency 
to reduce the extent of roll, and to increase the period of 
rolling, is greater when the ship has a rising floor, deep keel 
and bilge keels, than if she had a flat floor, rounded failg^ 
and an absence of keels. 

The experiment by which the length of the transverse 
radius of gyration is determined also furnishes the data for 
determining the resistance, if the " rate of extinction " of the 
rolling is observed at the same time. Professor Bankine, in 
a paper commnnicated to the Institution of Naval Architects 
in 1864, says: — By means of suitable ezperimenti on the 
rolling of a ship in smooth water two quantities may be 
determined : (he sputre of Jier radiuB of ffyratton, and * 
quantity which may be called the leverage of keelresistance; 
being the length of the lever at which the whole weight of the 
ship would have to act, in order to exert a moment equal to 
the moment of the resistance opposed by the water to the 
keel, when the angular velocity of rolling is unity. 

I. Let the ship be forcibly heeled over, and set free to 
roll; observe the periodic time of rolling by counting the 
complete oscillations or double rolls in a certain number of 
seconds; observe also the greatest angle of heel at the com- 
mencement of the experiment^ and also after the lapse of a 
certain time in seconds, taking care to measure those angles 
by obs^ations of fixed objects, or by an instrument of the 
gyroscope kind (like that invented by Prof. Piazzi Smyth),* 
and not by a plummet or level 

" II. Divide the hyperbolic logarithm of the ratio in which 
the original angle of heel exceeds the diminished angle, by 
the time in seconds (or the common logarithm by the time in 
seconds x -4343), the quotient will be a number which we 
may call the exponeni, 

• Mr. "\V. Froude, F.R.S., has invented a very ingenious apparatus 
whioh is eupcrior to fhe gyroscope in point td aoenracy, ana wideh 
automatically records the motion of the TeiseL See Tran$, IiuiUiUum 
af Naval ArdiiUcUt 1873^ p. 179. 
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"III. To find what tlie periodic time would be in tlio 
absence of keel resistance : Multiply the square of the actual 
periodic time of a double roll in seconds and fraction of a 
second, by the square of the exponent above mentioned, and 
divide the product by 39*48 (4 Tr*"*), to the quotient add 1, then 
by that sum divide the square of the actual periodic time, the 
result will be the square of tlie periodic time of unresisted 
rolling. 

''lY. Multiply the square of the periodic time of unresisted 

rolling by the constant '815 in feet^, the product will 

be the length of the corresponding simple j^cndulum in feet. 

" V. Multiply that length by the height of the ship's nieta- 
centre above her centre of gravity; the product will be the 
square of her rculiiis of gyration. 

YI. Multiply the square of the radius of gyration by the 

exponent (Rule II.), and divide by 16*1 (| in feet); the quo- 
tient will be the leverage of keel rcswlance in feet. 

" Experiments and calculations of the kind just described 
are most likely to give accurate and consistent results at 
moderate angles of heel (say not exceeding about 10 degrees), 
for it is only under that condition that the resistance to roll- 
ing can be treated as approximately proportional to the angular 
velocity of rolling. The test whether the angles of heel are 
small enough is simply their diminishing sensibly in geome- 
trical progT-ession." 

Professor Kankine was of opinion that the efficiency of 
bilge keels was very doubtful, but Mr. Froude found by 
experiments made with two vessels, each of over 1000 tons 
displacement, one of which was without bilge keels, while the 
other ha,d a pair, each 100 feet long and 3 feet 6 inches wide, 
that the rolling of the vessel with bilge keels was barely half 
that of the other, although both vessels were loaded to oscil- 
late in the same time, and were nearly alike in form. 

169. Dipping is the name given to the vertical oscillatory 
motion of a ship which is produced by rolling and pitching. 
On this account it lias been termed a secondary oscillation ; 
j)itching, when produced by rolling, being another instance 
of an oscillation produced by another oscillation. 
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Dipping produced by rolling results from the form of the 
vessel's body in the neififhboiirhoocl of the water lino being 
Buch that when the vessel is inclined the centre of gravity is 
at a greater or less distance from the water surface than when 
she is upright. If the side of the vessel flares out above the 
water, the inclined water plane cuts the original in a straight 
line on that side of the vertical longitudinal middle line plane 
towards which the ship is inclined, and thus the centre of 
gravity is at a gi-eater distance from the surface of the water 
than when the ship is upright. Consequently, mechanical 
work in oj)pt)sition to gravity is performed in the inclination, 
equal to the whole weight of the ship multiplied by the 
distance through which the centre of gravity is raised, and 
vertical oscillatory motion is set up by the dynamical effect 
of the fall due to gravity which follows. Such a motion is 
undesirable, and can occur to an injurious extent only in a 
badly formed vessel such as we have described. Fig. 2, Plate 
XVI., illustrates the kind of section which produces such 
uneasiness; the vertical motion being due to the distance 
which the axis of level motion (see Art. 76) is above the 
centre of gravity. In well stowed ships the centre of gravity 
is generally near the load water line; consequently, in order 
to secure a steady motion when rolling, the form of the sec- 
tions of the body should be such that the axis of level motion 
is near the load water line. Wlien that axis traverses the 
centre of gravity, tlie latter point is, of course^ immovable, 
and the ship has no vertical motion at all. 

Dipping produced by jntc/mig is influenced by the same 
principles as already mentioned, which in this case may be 
expressed thus : Dipping is produced by pitching when the 
centre of gravity of the load water plane is not in the same 
transveree section as the centre of buoyancy. 

160. Period of Dipping. — The period of a ship's dipping 
oscillations is usually shorter than those of pitching, and 
much shorter than those of rolling. Should the periodic 
time of dipping be about half that of rolling, the extent of 
the alternate dipping and rising goes on increasing until the 
acceleration is balanced by the resistance of the water, and 
then it becomes pernnmcnt so long as rolling continues. In 
such cases the axis of level motion no longer keeps at a con- 
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stant height above the water sur^M^e, but acquires a vertical 
oscillatory motion also, and the centre of giavity attaius its 
greatest elevation about a quarter of a period after the 
instant of greatest heel. Oonsequentlyi every particle in 
tiie ship, above and below the centre of gravity, describes a 
curve thus : oo . 

16L Waves. — ^Before the principles which regulate the 
motions of a vessel when floating among waves can be dis* 
covered, it is first necessary to know the character and laws 
of wave motion. 

Waves are of two principal kinds, which may be styled : 
mjlUa/ry and gregarious. The tidal wave, and the wave which 
is raised by the bow of a ship when she is in motion, are 
instances of the solitary wave. The common sea-wave, 
familiar to all who will read this book, is an instance of the 
gregariouB wave. The waves which follow a paddle steamer 
are other examples of the same kind. In the case of the * 
solitary wave, we have a body of water heaped upon the 
surface of the sea, and wholly above the level of the latter; 
while in the case of the common sea-wave the level of still 
water is very nearly midway between the highest and lowest 
points in the surface of the wave. 

16S. Wave Form. — ^In the ordinary sea-wavo, the form 
alone has a translatory motion; the particles of water merely 
revolving in orbits of a certain character while the wave is 
passing. The particles may also have a translatory motion, 
but if so it is altogether independent of the wave forces, and 
is due to carrents of some kind. In the case of the solitary 
wave, however, each particle comes to a state of rest at a 
short distance in advance of its original position. 

The waves which we have to consider are those of the 
ordinary kind, in which wave follows wave in a continuous 
saccessloxL ^the surface of the sea, when disturbed by wind, 
assumes an imdolatory form, which, while the wind is blow- 
ing, is of a rather complex character, consisting as it does of 
waves superposed upon waves, the shorter upon the longer. 
The smaUer irregularities of the surface do not, however, 
affect the problem that we have to discuss, as they do not 
generally have a very marked effect upon a floating body of 
tiie dimensions of a ship; at least, not anything approaching 



d by Google 



220 



THEORETICAL KAVAL AIICHITECTUB2. 



to the same degree as the main imdulatory sweep forming 
the wave pro[)cr. We shall consider the wave to be of the 
charncUn- oxliibited by a " grQund swell" after a storm, when 
the wind has subsided. 

The summit of a wave is termed the " crest" and tho 
lowcbt j)oint in its surface is termed the trough" The 
** height " of a wave Ls the vertical distance from crest to 
trough. The greatest height which has been accurately 
mea.sured in the open soa is 30 ft.; but there can be little 
doubt that during storms in the Atlantic, waves are some- 
times engendered wliich exceed that height. The level of 
still water is, as we have said, nearly midway between crest 
and trough. If a transverse section of the wave surface is 
a curve of sines, the bed of still water is just midway; but 
if, as is generally assumed, the curvature is trochoidal, the 
level of still water is rather nearer the trough than the 
crest. The length of the wave is the horizontiil distance 
between consecutive crests or consecutive troughs. The 
greatest length which has been accurately measured is 
000 feet. 

163. Wave Motion. — The changes of form wliich the sur- 
fiice of water undergoes when waves are travei*sing it, shows 
that there must necessarily be, at least, a vertical motion 
among the i)articles. Closer observations show that there is 
also a backward and forward motion among tho particles of 
water. The exact character of the combined vertical and 
horizontal motions of a |)articlo of water in a wave is not 
fully understood, but experimental researches go to show 
that in deep water, i.e., water sulHciently deeji to prevent 
any resistance to wave motion being oflered by the surface of 
tho bottom, the backward and forward motion is equal to 
the vertical motion, and it would therefore a])i>car tliat each 
particle of water has a circular orbit. In shallow water the 
horizontal motion is gieater than the vertical, the dilTerenco 
increasing as the water shallows, and thus the pai-ticles in 
this case have orbital motion of a flattened oval character. 
Assuming, then, that each particle of water in the wave re- 
volves in a circular orbit, it follows that the combined effect 
of this motion, with the translatory motion of tho wave form, 
causes the surface to ajdsume a curvature of which a trans- 
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vme section will be either a trochoid^ curve of sines, or 
some other curve of that family. 

Theories on this subject have, in some cases, been based 
upon a supposition that the curve is that of tho trochoid, 
and in others that it is a curve of sines. General support 
seems to be given to the former hypothesis, which we shall 
therefore adopt, especially as by so doing several phenomena 
pertaining to wave motion are more rc»dily accounted for 
thereby. 

In consequence of the nature of the motions among tho 
paHicles which generate the ordinary sea-wave, the latter 
has been styled the oscillatory wav^ 

164. Form of Wave Surface. — ^We shall consider the 
wave to be in deep water, and therefore that the motions of 
the particles are unaffected by the sea bottom. Professor 
Bankine fixes the minimum depth of what can be thus 
considered as deep water at five-twelfths the length of the 
wave. 

In Plate XXXI., consider a straight line Cq^Cq to repre- 
sent the length of a wava Divide the line Cq, Cg into any 
number of equal parts, say six, at the points Cj, Cg, Cg, etc., 
and let the points (7q, (7^ etc., be the centres of the orbits 
of seven particles on the surface of the wave. With each of 
these points as a centre, and with a radius equal to half the 
height of the wave, sweep circles. Let the particle in the 
middle orbit be at the crest of the wave, then the particles 
on the orbits whose centres are Cq and will be in the 
trough, and will, in fact, be in similar positions. Through 

draw CgjPg upwards, perpendicular to C^fi^ and at 
and Cq draw CqPq and C^P^ perpendiculars downwards to 
meet tho arcs of the circles. Then will be a partide on 
the crest, also P^ and P^ will be particles in consecutive 
troughs of the wave. Since P^ is at the lowest part of its 
orbit, and P^ at the highest, the particles in the circles whose 
centres are and will be at intermediate positions in 
their orbits. Also since G^Ci^C-fi^^C^G^y and because 
there are 180 degrees between the positions of P^ and P3, 
therefore P^ is at 60 degrees, and P^ at 120 degrees from the 
position of P^ Similarly, P^ and JP5 are at 60 degrees and 
120 degrees respectively from P^ Thus Pq, P^ P^ etc.| 
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arc points in the surface of a wave of length C^C^ and height 
equal to 2 CgPg. 

It is perhaps unnecessary to state that the curve, traced 
by a point which is within or without the circumference of 
a circle tliat rolls upon a straight line, is a trochoid; hence 
the surfjice of a wave, when generated in this waj, has a 
trochoid al curvature. 

If a circle be swept with either of the points Cq, Cj, etc., as 
a centre, and with a mdius bearing the ratio to the length of 
the wave of about 7:22, then the circumference of this circle 
will be equal to the length of the wave. Let A^B^ be the 
(liiiineter of this cii'cle. Draw A^A^^ touching the circle and 
j»arallel to C^Cq, Through (7q, C^y C„, etc., draw perpendi- 
culars, meeting A^A^ at the points Af^y A^^ ®^*> 
AqAq is the length of the wave, then the curve of the wave 
surface is traced out by the point as the large circle rolls upon 
the 1 ine AqAq from to v^^. Between each pair of con- 
secutive points ^Q, -4 J, A^y etc., the tracing point F revolves 
through an arc of 60 degrees. 

165. Motion of Wave Surface. — Suppose, at any instant, 
the positions of former horizontally equidistant particles are 
as shown by Pq, P^^ etc. (Plate XXXI.), and that tlie 
motion of the wave, and, therefore, of the rolling circle, is that 
indicated by the arrow at the top of the figure. Suppose 
tlie rolling circle to move from A^to A^y then each of the 
particles represented by the points Pq, P^^, P^, etc., will move 
through an arc of 60 degrees in the direction shown by the 
curved aiTows, and the wave surface will then be as shown by 
the ticked line. 

By observing this motion of the particles, and the change 
in the position of the wave which accompanies it, the follow- 
ing facts will be noted : A particle in the trough of the wave 
is moving backwards, on the front slope upwards, on the crest 
forw^ards, and on tlie back slope downwards. 

166. Form and Motion of Sub-Surfaces. — The motion of 
the ])articles of water for the whole depth to which the wave 
influence extends is of the same character as at the surface, 
but the extent of the motion diminishes very rapidly in going 
d<nvnw;iids. The length of the wave remains constant to 
whatever depth its influence extends^ but the rs^lii of the 
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orbits of the particles diminish in geometrical progression.* 
The curve marked P'o* XXXI.), is the 

form of a transverse section of the surface in which partidesy 
at that depth below the original level of the water, move. 
This curve is likewise trochoidal, bat much flatter than the 
surface curve. The motion is similar to that at the surface. 

16?. SuMnrfiuses of Unifonn Pressure.— The surfaces of 
horizontal layers of water, when the lifter is stilly are surfieuies 
of uniform pressure. The same condition of equilibrium is 
preserved when the paridoles of water are in their orbital 
motion^ the surfaces which were originally level being now 
of a trochoidal form; F^, etc. (Plate XXXI.), is 
sttchasur&oe. The trodioidal character mei^ into a plane 
at that depth where the water below is uninfluenced by the 
' passing wava 

16& Direction of fhe Besultant Pre8Siire.--In order that 
the resultant of the pressures on a partide at the surface 
of a fluid should be in a certain line, it is necessary that the 
sur&ce should be at right angles to tiiat line. In still water, 
the resultant line being neceraarily peipendicular^ the sur&ce 
is necessarily level. £i undulating water, the resultant has 
that amount of obliquily which the motion of the particles 
prescribe, and therefore the suifeuse mustof necessitybe as much 
out of level as the resultant is out of perpendiculac. Conse- 
quently, tiie resultant of the forces acting upon a particle of 
water at the surface of a wave is pcipendicular to a tangent 
to the water line at that point. In other words, whatever 
tendency a body floating on the sur&ce of a wave ' 6. ■ but 
* slightly immersed in the wave— -has to keep its axis of equi- 
librium vertical in still water^ is exerted to keep it normal 
to the surflEuse of the wave. 

169. Efbotive Wave Snrfitce.— Each of the particles of 
water at everfr sub-surface of imiform pressure is under the in- 
fluence of two forces, viz., gravity and a rotating force, which 
have a resultant acting, as we have seen, nonmd to the sub- 
Bur&ce. Hence a body floating in the wave is under the 
influence of the resultant forces at every sub-surfiice it meets. 

* This law is based upon the necessary geometrical continuity of 
the wave water; a proof of it by Mr. C. W. Menifield, F.Il. S., is given 
in Na 3 of the A»mmiI fifiheMo^ School ufNomil Ar^iike^UTe^ 
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These forces act in different direotions; there are on infinite 
number of the resultant forces-^one for each of the infinite 
number of subsurfaces — between the water surfiice and the 
keel, and the directions of the resultants vary continuously 
between that of the surface normal and the normal to the 
lowest sub-fiui&oe. It was for some time assumed that the 
resultant pressure due to all these resultant forces acted 
through the centre of grayity of the ship's displacement, and 
that it was the resultant force acting on a particle in the aub- 
suHkce of uniform pressure passing through the centre of 
buoyancy; the particle being supposed to be at the centre of 
buoyancy. Hence the sub-suxface of uniform pressure pass- 
ing through the centre of buoyancy was otmsidered to be the 
effective warn surface, and the curvature of its trochoid gave 
the efi^iTC waye slope at any point in that surfaoa 

In a paper commimicated to the Institution of Naval 
Architects, in 1873, Mr. Froude has shown that, except in 
special caBes, this is not so. He says: "Independently of, 
and besides that which may be called the normalising force, 
inherent in the wave slope, impressed on a stable floating 
body which rests upon it, the floating body may be so shaped 
as to experience &om the molecular forces, on which the 
internal structure of the wave depends, a separate force of 
rotation, the operation of which is dependent on the elevation 
of the centre of gravity, and which may thus modify to almost 
any assignable extent the efiect of the general normalising 
force." The investigation is a somewhat lengthy one, but it 
goes to show that the position of the elective wave surface 
varies with the form, dimensions, and position of the centre 
of gravity of the weights of the ship. Mr. Froude says: 

We might, if we pleased, so proportion and weight a ship of 
this form,* that in waves of a certain proportionate dimension 
she would experience no disturbing force in the waves passed 
under her." He shows that the effective wave surface may 
in some cases pass through the underside of the keel, and be 
even wholly below the vessel. For further particulars on this 
subject the student is referred to Vol. XIV. of the Tramactions 
of tfie InstUvtion of Naval Architects, page 96, et. seq. We 

*The form here referred to 19 somewliAt similar to that of a Thames 

bar^o. 
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may, however, remark that the dimensions of a ship are 
generally so small compared with that of the whole hody of 
water set in motion by the passing wave, that for ordinary 
calculations the surface of the wave is usually assumed to be 
the effective wave surface. 
170. Internal Structure of a Wave.— Suppose a body of 

still water to be divided into cubical blocks by an imaginary 
series of horizontal and vertical planes, each set being equi- 
distant, then a section of the blrck made by a vertical plane, 
perpendicular to both of the set^s of dividing planes, will bo 
divided into a series of equal rectangles. Now, suppose a 
troohoidal wave to traverse this block of water in the direc- 
tion of the section, each of the particles of water in that 
section will have a circular motion in the plane of the section, 
and at any instant the figures which were previously rect- 
angles will now be distorted, the distortion occurring as far 
below the surface as the wave influence extends, and diminish- 
ing as we proceed downwards. In Plate XXXII., the 
curved lines shown are originally vertical and horizontal 
planes as they appear in the section we have made. Particles 
which were in plane surfaces of equal pressure are now in 
trochoidal surfaces of equal pressure, and particles which 
were originally in vertical lines are now in lines which are 
inclined to the vertical at the surface, and each sub-surface 
at practically the same angle that the surface and respective 
sub-surface is inclined to the horizontal at that point. The 
area of a figure, such as /^jP^PJP", is equal to the area 
of the rectangle, bounded by the corresponding vertical and 
horizontal lines when the water was still, and thus such a 
figure shows the amount of distortion which a block of water at 
any part undergoes when the Avave is passing. Considering the 
spaces between the vertical dividing planes it will bo observed 
that, as the crest of the wave approaches a vertical column of 
water the latter lengthens and narrows, while, as the crest 
])a.s.ses, it sliortens and widens; in both cases tlie (|uantity of 
water remaining the same. Between these two positions 
the columns have a swaying motion like the stalks in a corn- 
field lus the wind passes over them, with this diderencc, that 
the columns of water undergo alterations of length and thick- 
ness in addition to the bend in theii' foi m. Thus motion of the 
4b f 
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columns of water and change in form of the blocks into wliicli 
a wave may be supposed to be divided is very interesting, as 
by observing it we are enabled to judge of the character of the 
impressed forces upon a ship or other floating body immei*sed 
in the wave; for the conditions of dynamical equilibrium 
are such that the floating body seeks to conform to the same 
laws of motion whicli govern the particles displaced by the 
body. Tills may be seen by placing a board or raft uj)on the 
sui*faco of the wave as at A, Plate XXXII., the motion of 
tlie wave in the direction shown causes the board to follow 
in tlie direction of the surface particles, as indicated by the 
curved arrow. If, liowcver, the board were very thin and 
weightless, luiving no stability, so that it would float edge- 
wise as at B, it would follow the motion of the originally 
vertical column of water in which it floats, and therefore the 
direction of its motion would be opposite to that of the board 
at A. By combining the two, as shown at C, the one motion 
modifies the otlier, and the position of the compound float at 
any moment will be somewhere midway between those which 
would have been occupied by the Hat and vertical boards if 
floating separately. 

The condition of the midship body of a ship as low as the 
bilge is similar to that of the raft -4, and the condition of 
the keel, sharp parts of the floor, deadwood, stem, and stern 
post, is analogous to that of the board /i. Hence tho ship 
is under two sets of forces, each of which tends to modify the 
effect of the other. It is thus seen how important is a know- 
ledge of the internal structure or meclianism of a wave, in 
order to determine the chai'actcr of the form and arrange- 
ment of the weights in a ship which is required to be sea- 
worthy when floating in that wave. 

171. Period of a Wave. — As we have already said, the 
length of a wave is the horizontal distance between conse- 
cutive crests or hollows. The period of a wave is the time 
which a wave-length occupies in passing a given point. 

When the pxrticles composing a wave revolve uniformly 
in circular orbits, the only forces acting upon them are the 
centrifugal and that of gravity. Now the normal to a tro- 
choid at any point passes through the point of contact of the 
rolling cii'cle with the straight line under which it rolls. 
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Hence the conditions of equilibrium in a trochoidal wave are 
satisfied if the radius of the rolling cii'cle bears the same 
ratio to that of the orbit of any particle as gravity bcara to 
the centrifugal acceleration of that particle. 

Let T he the periodic time. * 

r=the radiu8 of the orbit of a surface particle. 
„ R=the radius of the orbit of rolling oirole. 



Then if v is the velocity of the particle 

v= 



2'rrr 



and the centrifugal acceleration is 

r" T** 

But B:r=(jp: 



whence R=i— i, 
4ir* 

which ia the expression for Hie length of a rovolying pen- 
dulum, whose time is T, as shown at Aiii. 147. 
The wave length is, of ooursei - 2vM 

and tlio number of waves which pass a particular spot in a 
given time i is 

The speed of the wave's advance is found by dividing the 
total length of these waves by 



Also sinco 



4ir« 



V g 

which is the periodic time of the wavft 
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172. Rules and FormulsB for Waves. — Tho following 

rules for waves in deep loater are given in Kankine*s Ship- 
bnilding, and may bo deduced from the preceding investi- 
gations : — 

T. ITcitrht of equivalent pendulum (or radius of rolling 
circle) in feet — 

ivliere T represents the periodic time of the wave in seconds. 
II. Length of wave in feet 

=2»R=6-2832xB 

= 6*2832 X equivalent pendulum 

or -2832 X- SIM T« 
.-. L ==5 ^233T^ 

where L is the length of the wave, and, like i?, is expressed 
in feet, while T is exjjressed in seconds. 

Also, if K= the velocity of advance of the wave in feet per 
second— 

v= Ml 

. ^ T o T> siv* V« 
and L=2rB=- 



5*1233' 



III. Since the length of wave in feet^ ~ 5*1^33 * since 
it is also = Fx T. 

and y=s5'1233xT. 
Again* ^=JgR 

= V { 32 "2 X equivalent pendulum. } 

Also since 

•*'"5-1233 
V=^{61238xL} 

Once more: since 

L=VxT 
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lY, Yelocily of advance of wav6 in knots 

V. Velocity of adTanoe of vave in miles an hoar 

=VxXll51. 

YI. Sine of steepest tdope of siir&oe of wave = ^(approzi' 

matcly). 

If Ascthe length of wave^ 
then A=2r, 

and sine of steepeet ■lop=^- 

Also since 

2rR=L, 
sod line of steepest slope = 

3-1416 x/* 
L 

^The angle of depe in degrees is tmijbly equal to 

y II. The velocity v of the particles at the surface 
= Y X sine of eteepeit dope of inrfaoew 

The following rules are not deducible from any investigations 
we have given, but are stated by Professor Rankine as the 
results of more intricate calculations, such as are beyond the 
.scope of this work ; we, however, append the results in the 
words of Professor Rankine. 

YIII. To find the ratio in which the orbits and velocities 
of the particles are diminished at a given depth below the 
surface : Divide the giren depth by the equivalent pendulum ; 
the natui^al number answering to the quotient in a table of 
hyperbolic logarithms mUl be the reciprocal of the ratio 
required. 

The following approximate rule is very nearly correct: 
" The orbits and velocities of the particles of water are 
diminished by im^Iial/f for each additional depth below 
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tlie sorfiioe eqtial to (mMwUh of a ww&hngth, Fcxr 
example :~ 

Depihi m fraotions of a wftye-lengUi : 0, 1, I, |, ete. 
Broportioiiafte velodties and cUameten: It ji i» i» etc 

IX, *'To find liow high the centre of the orbit of a fpYea 
partide is above tl^ level of tliat partible in still 'water: 
XHvide the square of the diameter of tiie orlnt by eight times 
the equivalent peudulnm of the vraves; or divide l£e square 
of the Teloeit7 of the particle in feet per second by for 
the height in feet. 

X. " To find the mechanical energy in a layer of water 
agitated by wave motion: Multiply the weight of the layer 
by twioe the height at whioh the centres of ue orbits of its 
particles stand above the poeiiions of these particles when 
the water is still. 

One-hslf of this energy consists in motion, and the other 
half in elevation. 

XL " To find the mechanical energy of a mass of water of 
a given horizontal area and unlimited depth, agitated by 
waves : Multiply the area by one-sixteenth part of the square 
of the height of the waves, and by the heaviness of the fluid 
(64 lbs. per cubic foot for sea water). 

XIL "To find the mechanical energy of one toave^ength 
of a layer of water of a given breadth and thickness : Multiply 
together the breadth and thickness of the layer, the square 
of the diameter of the orbits of the particles in it, the heavi* 



Table VIH. contains a list of the periods and lengths of 
waves in deep water, arranged according to their velocities in 
knots. This table is the work of Professor Rankine. 

173. Rolling of a Ship among Waves.— Having thus con- 
sidered the character and properties of sea waves, we will now 
proceed to discuss the rolling motion of a ship when in what 
is termed a " searway/' i.e., when floating among the waves 
that are met with in the open sea in deep water. 

174. Passive Heaving. — As we have already remarked, 
every particle of a body floating in water undeigoing wave 
motion is under the influence of the same forces as would act 
upon the water it displaces; and thus, if the dimensions of 



ness of the fluid and the constant^ 1 '5708 s 
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the floating body are indefinitely small, it will revolve in tlio 
same orbit as tbe surface particles. Suppose a ship to be in 
the same condition as the surface particle, that is, suppose 
her to be without stability, so that her centre of gravity, 
metacentre, and centre of buoyancy coincide at one point; 
also, suppose the distortion in the configuration of the water 
aa the wave passes to be neglected, then such a ship has no 
tendency to oscillate freely in still water, and when among 
waves, under the above limitation, every particle in the ship 
votild move in the same orbit as the particles in the effective 
wave surface. Such a case as this is, necessarily, never met 
vith| yet in every vessel there is a tendency for her centre of 
gtOkyity, and, indeed, every particle in her, to move in such a 
■way; and they really would do so were there not other forces 
tending to modify that motion. Passive /leaving is the name 
given to this rotatory motion which the waves tend to impi'esB 
upon a ship. "When the horizontal component of this heaving 
motion takes place with different velocities, or in opposite direc- 
tions, at the bow and stern, the Tessel swerves from side to side, 
and is said to " yaw/' The forces producing this motion are 
greatest when the vessel's course is inclined to the direction 
of the waves. She then " yaws " from the wind in mounting 
the crest, and towards the wind when descending into the trough. 

175. Passive Rolling. — We will now consider the ship 
floating amid waves to have very great stahiUty hut small 
inertia; that is to say, her tendency to maintain her upright 
position when in still water is very great, and her equivalent 
pendulum veiy short. Such a ship will seek to keep her axis 
of equilibrium in the direction of a normal to the eflective 
wave surface throughout the whole period of the passing wave. 
This tendency will be modified to some extent by the change 
in the position and shape of the originally vertical columns 
of water, which will cause the vessel to deviate somewhat at 
any instant from a truly normal position. The successive 
positions occupied by that axis causes the vessel to roll, the 
period of the oscillation being equal to that of the wave, while 
its amplitude is governed by the slope of the effective wave 
surface. This is termed jpcwww w forced, rolling. 

If the vessel is floating on the surface, and therefore not 
influenced by the change in the configiuration of the water as 
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the wave passes, it will float like the raft shown at A, Plato 
XXXII., with its surface a tangent to that of the wave, 
and therefore its axis of equilibrium normal to the wave 
surface. 

If, however, the vessel floats deeply in the wave, it is also 
under tlic influence of the forces which cause a change in the 
direction and form of the originally vertical columns of water. 
For instance, a thin, light board of little inertia and no 

stability, if floating upright on its edge in still water, will 
follow the direction of the originally vertical columns of water 
as a wave passes, as shown by B, Plate XXXIL, and therefore 
roll against the waves. A ship may be considered as a case 
analagous to that of a raft and vertical board combined, and 
so, as already explained, the instantaneous position of a ship 
of great stability and small inertia, floating among waves, 
deviates somewhat from the true normal to the eiiective wave 
Bui-flice. 

The tendency of a ship to roll with the waves, and with 
her axis of equilibi-imn normal to the efYectivc wave surface, 
is duo to gravity, centrifugal force, and pressure, and is termed 
stiffness. 

The action on the bottom which tends to make her roll 
against the waves like the board 7>, is called keel resistance. 
Professor Eankine and Mr. Froude have shown " that there 
is an essential difference between the two sets of forces before 
mentioned, in consequence of which, though conflicting, they 
are not directly opposed, viz., That the stiffness is an active 
force which tends not only to prevent the ship from deviating 
from a i)Osition upright to the effective >vave surface, but to 
restore her to that position after she has left it, with a force 
proportional to her deviation ; while the keel resistance is 
merely a passive force, opposing the deviation of the ship from 
the position of the originally vertical columns of water with 
a force depending, not on that deviation, but on the velocity 
of the relative motion of the ship and the particles of water, 
and not tending to restore the ship to any definite position. 
Hence those two kinds of forces cannot directly counteract, 
but only modify, each other's effects." 

176. Rolling in a Sea-way. — From the preceding it will 
be seen that the actual rolling motion of a ship is compounded 
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of the passive rolling, due to the wave period and and 
of her free oscillations, the character of which is govenied hy - 
her stability, keel resistance, inertia, and the varied resist- 
ances caused by eddies, etc., in the fluid, which can be deter- 
mined only by experiment. 

The problem of determining the properties of this complex 
motion is a very intricate one. All we know upon the subject 
at present is due to the experimental researches and mathe- 
matical applications of Mr. Froude, F.K.S. Many theories, 
more or less ingenious, have been propounded at different 
times by mathematicians and naval architects, but nothing 
certain can be obtained without making such careful experi- 
mental researches as those to which Mr. Froude has devoted 
80 many years of his life. The late Professor Rankine 
successfully applied his great mathematical skill to the solu- 
tion of many of the most intricate problems in this branch 
of physical science. But it rests with experimental philoso- 
phers such as Mr. Froude, and the careful observations of 
liaval officers, to solve problems, concerning which the data 
we possess is still veiy meagre. The subject is gradually 
becoming clearer and our knowledge more certain, but at this 
stage of the inquiry, and in a book such as this, it is not 
desirable to look closely into the investigations which have 
hithei'to been made. Although a great deal of light has been 
thrown upon the subject during the last fifteen years, yet 
even now the mathematics of the question are based upon 
suppositions which remain to be verified, and some of which 
are known to be only approximately correct. 

Aji eminent authority, who signed himself J. C. in the 
Annttal of the Royal School of Naval Architecture for 1872, 
referring to the question of stability in connection with a 
ship*s rolling, after calling attention to the number of inac- 
curacies which exist in the present state of the theory on this 
subject, says: "At present I do not see a way to overcome 
these objections and difficulties, nor should I regard either 
method of investigation as affording trustworthy means of 
calculating the precise amount of stability which would be 
required for new designs. The only safe guide in this matter 
is, in my opinion, foimd in experience with successful ships, 
and in designing new vessels it appears desirable to provide 
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tliat amount and range of stability which have been proved 
sufficient in ships that have been thoroughly tried." 

Notwithstanding the uncertainty existing on the subject 
which prevents ua from assigning exact quantitative values, 
yet the qualitative conditions are sufficiently well under- 
stood, and enough ex])erimcnts have been verified, to enable 
cei-taiii rules to be laid down for the guidance of the naval 
architect in determining the stability, inertia, keel resistance, 
etc., which it is necessary a ship should possess in order to 
behave well in a sea-wav. 

Wo have already said that the actual rolling of an ordinary 
ship in a sea-way is composed of two sets of oscillations, viz., 
those due to the period of the waves, and those duo to the 
form of the vessel and the arrangement of her weights. 

Suppose, then, a vessel in still water, rolling without resist- 
ance at the rate of n oscillations per minute, and a series of 
waves to pass her in a direction perpendicular to her length 
at the rate of n waves per minute, the first wave meeting her 
at the commencement of an oscillation. It is evident that 
the period of the set of oscillation set up by the waves being 
the same as those of the ship in still water, each wave as it 
passes giv^es an impulse which adds to the amplitude of the 
oscillations, until at last the ship rolls completely over. At 
sea the oscillations would be first set up by the waves, and 
if the period of the ship's unresisted oscillation accorded with 
them, each wave would add to the rolling motion communi- 
cated by its predecessors. From this we see that it is highly 
undesirable that the wave period and that of the ship's frco 
rolling should coincide; and, in order that the forced rolling 
among waves may not be frequent and considerable, it is 
desirable to lengthen the period of free rolling when in still 
water as much as possibla 

The mathematics of the problem of a ship's rolling are of 
a too lengthy and difficult a character for insertion in a work 
of this kind. The whole subject is thoroughly investigated 
in the volumes of the Tramactions of the Institution of Naval 
Architects, especially those of 1861, 1863, and 1864, to which 
the student who requires moi*e complete information is re- 
ferred. We will content ourselves here hy giving a sum* 
mary of the results arrived at. 
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L The permanent rolling motion of a veflsel having very 
great stability, and very little keel resistance, is governed by 
the motion of the effective wave surface like the raft J, in 
Plates XXXII. and XXXIU. Such a vessel wiU roU witb 
the waves, at the rate of one oscillation for every wave period, 
being upright when on the crest and in the trough of the 
wave, while the inclination between these points will vary 
with the slope of the effective wave surface; her angle of 
heel at any point being the slope of the effective wave sur- 
face at that point. Thus the greatest angle of heel is equal 
to the greatest slope. 

> IT. When the period of a ship's unrensfced rolling in 
still water is to the period of the waves as is to 1, the 
permanent rolling is wholly governed by the motion of the 
originally vertical columns of water, and the ship will roll 
against the wave similarly to the board £, in Plates XXXIL 
and XXXIII., making one oscillatioii per wave period. In 
this case the ship is upright when on the crest and trough 
of the wave, and her inclination between these positions 
varies with the slope of the surface of the wave; the inclina- 
tion of the vessel to the vertical at any point being practi- 
cally equal to the slope of the wave at that point. 

III. When tlie period of a ship's unresisted rolling in 
still water bears to the period of the wave a lesser ratio than 
^2 1, she is upright before the crest and trough of the 
wave pass her, see C^^, (/g, and (7^, Plato XXXIII., and her 
gi'catcst angle of heel is greater than the greatest slope of the 
effective wave surface. See and in the same Plate. 

IV. When the period of a ship's unresisted rolling is 
equal to that of the waves, the greatest angle of permanent 
rolling occurs. The less the keel resistance the more the 
angle of roll exceeds the slope of the waves, and when the 
keel resistance is zero, the rolling becomes infinite; or, in 
other words, the ship turns right over. 

V. When the period of a ship's unresisted rolling beai-s 
to the period of the waves a greater ratio than J 2, : 1, she 
is upright after the crests and troughs of the waves pass 
licr, as shown by jDq, D^, find 2)^, Plato XXXIIT., and her 
greatest angle of heel is less than the greatest slope of the 
wavesi as shown by and J)^ 
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177. Stifbess and Steadiness.— -We have already defined 
stiffness as that quality of a yesaely due to great stabilityy 
which causes her to seek to accompany the motions of the 
effective wave suifAoey with her axis of equilibrium normal 
to that Buiface. A period of free rolling, much less than 
that of passive rolling, gives great stiffness, as seen in the 
preceding Article. 

Steadiness is the tendency of a vessel to keep truly upright 
in a sea-way. Hence a ship that is very stable is not likely 
to be very steady, unless there are special features in the 
design, such as large bilge keels, or a certain form of the 
body or arrangement of the weights. 

A period of free rolling exceeding times that of pas* 
sive rolling is favourable to steadiness, provided that period 
of free roUing is produced by winging out the weights and 
increasing the inertia of the ship, and not by reducing the 
stability to an insufficient amount. 

The action of the water on a deep keel, bilge keels, a sharp 
floor, or fine extremities below water, t^ds to diminish the 
rolling produced by the period of the waves and that of the 
ship's firee oscillations coinciding or being nearly equal. It 
must, however, be noticed that when the period of free 
rolling is very long the deep keel, bilge ked, etc., have a 
contrary effect. 

The motion of the vessel through the water is conducive 
to steadiness if her course is near to the wind, and viceversct. 
A deep draught of water is also favourable in many respects 
to steadiness. It should also be remarked that a steady 
pressure of wind on the sails is very conducive to a steady 
motion. 

As a result of what has gone before, we see that a ship 
should only have that amount of stability which is essential 
for her safety, as an excess of stability tends to make the 
vessel roll rapidly, and to synchronise with the periods of the 
waves she is likely to meet. If, however, great stability 
must necessarily be given to a ship her stiffidess should be 
reduced, and therefore her steadmess promoted, by winging 
out her weights, so as to lengthen the period of her free 
oscillations. Attention should also be given to the form of 
the vessel's body in the neighbourhood of the water line^ so 
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tliat the axis of level motion may not be far above the centre 
of gravity. 

178. Periods of Oscillations of Certain Ships.— The 

subjoined Table gives the periods of the oscillations of certain 
typical ships in the English, French, and American Kavies. 
The particulars would be more complete if we knew the 
lengths of the radii of gyration; but as the moment of 
stability up to about 10 or 15 degrees can be expressed with 
tolerable accuracy for most ships by the form GM sin 0, w^e 
include in the list the values of GM for these vessels. The 
connection between those values and the periods of rolling 
will be noticed; although in the absence of particulars con- 
cerning the moments of inertia of the ships the relations are 
not in every case very clear. 



ClBMorVeMel. 



Value of QM. 



Period of 
Doable Boll. 



II. 



»ecouda. 



French armomed frigate^, of Fkmdre 

class, 



Freneli two^ecked iron-dad ship 
MagenUt, 



8*26 



14-6 



English ironclad, Prince Consort, 

_ snodem ironclad, of Sultan 



4-25 
0 00 



120 
10-3 



j^^fn»oi>iMi*%/it, • 

American MiaiUonomoh, 

French corvette, 

English wood frigate, ... 




ff doop, 



275 
4 00 
1400 
325 
3-75 
3*50 



177 
13-5 

6- 4 
11 5 
10-5 

7- 5 



PART lit 

OALOUIATIONS BELATING TO THE STBEHOTH 

OF SHIPa 

CHAPTER VIL 

LOCAL STEBNGTa 

DefinitioiUH-Fropcrties of Bodies under Btress^InieDniy of Stress 

— Classes of Stress— Local Stresses — Diameters and Spacini; of 
Rivets — Butt Straps — Edge Connections — Strengths of Butt 
Straps— Strength of a Shift of Plates — Strength of Pillars — 
BcNunt — Sheanng Stress — ^Bending Moment-^Bending Moments 
and Shearing Stresses for various kinds of Loading and modes 
of Support — Resistance to Bending — Specimen Calculations-^ 
The Deflections of Beams — ^£zamples— Strength of Bent PillAis 
—Twisting Moments. « 

179. General OcmBideratioiis.— In no department of Naval 
Architecture has such great advances been made during 
late years as in that relating to the oombination of materials, 
80 as to obtain the greatest strength witii tiie least weight. 
This has been ofaieflj due to the introduction of inm sa a 
material for ship oonstmctionj and the strides which have 
been made in the manufiMtoxe of that metal in forms suited 
for ship constmction* Improvements have also hem made 
in the construction of wood ships, whereby it has be^ 
possible to build them of great length, and render them 
sufficiently ngid to resist the great vibration and the strain* 
ing effects produced by powenul engines. These improve- 
ments, however, have consisted more in the form of iron 
strengthenings efficiently disposed, than in a superior 
mode of combining the wooden ccmiponents of the hulL Jn 
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fac^ the characierisiic feature of ship construction during the 
past twenty years has been tiie supmeding of wood in favour 
of innt True it is that owing to the rapid fouling of the 
bottoms of iron ships, whidi up to the present time it has 
been found impossible to prevent for any considerable period, 
wood ships are still preferred for certain toades. Neverthe- 
less, we believe it is only where iron and coal are relatively 
dear that ships constructed wholly of wood are built in any 
considerable number. In other places, ships which are required 
to make long voyages are sometimes built on the composite 
system, wherein aU the advantages of the metal-sheathed 
wooden bottoms are obtained, combined with the superior 
lightness and strength which are found in framing of iron* 
In the Koyal Navy, large vessels which are requird to keep 
the sea for a considerate time, without going into dock to 
have their bottoms cleaned, are built of iron, in order to 
obtain the strength which that material affords when wdl 
combined, while the iron bottoms are sheathed with wood 
and then with copper, zinc, or Muntz's metal, in order to 
obtain the same freedom icom fouling which is found in 
wooden ships. From this it will be seen that in considering 
the strength of ships, our attention should be chiefly directed 
to the combinations of iron. This we shall keep in view 
throiu^hout the following remarks. 

18£ DeflnitioilB. — ^In explaining the meanings of certain 
tenn% wluoh we shall have occasion to employ, we shall 
closely follow the definitions used by the late Professor 
Bankine, than whom no one has contributed more to the 
science of the strength of materials as applied to shipbuilding. 

ElasUicUiy is that property of a body by which it retains, 
and seeks to retain, a certain determinate volume and figure 
at a given pressure and temperature. 

SinsB means the intensliy of the force whidi tends to 
alter the form of a solid body; it is also the equal and 
opposite resistance offered by the body to the change of form. 

Strain is the measure of the alteration of form which a 
solid body undergoes when under the influence of a given 
stress. 

Proptirtie$ of bodiea under tirm, — The shape of a body 
when not under the influence of a stress is its limtremed or 
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free shape. A body becomes strained under tlie influenco 
of a stress, and if upon th(3 removal of the stress it returns 
to its unstrained form, it is said to be perfectly elastic; if it 
I'emains of the strained form, or only partially recovers its 
original form, it is said to be iriiperfecily elastiCy soft, ductile, 
or pkistic. No bodies are perfectly elastic, but for many the 
imperfection of elasticity below certain limits of stress is so 
amall as to be of no importance in practice. 

Set is the permanent strain or alteration of shape which 
remains in au imperfectly clastic body after a stress has been 
renjoved. 

Stiffness is measui'tid by the intensity of the stress required 
to produce a certain fixed quantity of strain. 

Pliability is tlie inverse of stiff nesSy and is measured by the 
quantity of strani produced by a certain fixed stress. 

Strength is the utmost amount of stress which a solid body 
can bear without breaking. 

Elastic strength is the utmost amount of stress which a 
body can bear without set. 

Proof strength is tlie utmost stress which a body can bear 
without sufieriug any diminution of its stilTuess and strength. 
A stress exceeding the proof strength of the material, altliougli 
it may not produce instant fracture, produces fnicturo eventu- 
ally by long continued application and frequent repetition. 

Working strength is the utmost stress to "which it is con- 
sidered safe to subject a body during its ordinaiy use as part 
of a structure. 

Ultimate strength is the stress required to produce fracture 
in some specified way. 

Factors of safety are of three kinds : — 

I. The ratio in which the breaking load exceeds the proof 
load. 

II. The ratio in which the breaking load exceeds the 
working load. 

III. The ratio in which the proof load exceeds the work- 
ing load. 

Unless otherwise stated — when the term "factor of safety" 
is used — it is to be understood in the second of these senses. 

The following Table, due to the late Professor Rankinei 
gives examples of those iUctors which ocour in practice. 
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Breaking 
Proof Load. 


Breakinfi 
Load 

• 

Working 
Load. 


JrlOOI L.oau 

Working 
Load. 


Rdiabkb. 






•• • 


••• 














2 


3 




Steady loads 


JJO* ao...... 


z 


41i00 


SS to 3 


MOTing 


Wrought iron riveted 










3 


6 


2 




Wroaght Ironboilers, 


2 


8 


4 






2to3 


3to4 


about 1^ 


Steady 




3 


6to8 


2to23 


Moving „ 




3 


about 10 


8i 



VUmatB Hrain is the atmoBt strain or alteration of shape 
whid^ a body can bear without breaking. 

Proof strain is tiie utmost strain which a bodj can bear 
without injury. 

Spring or RmUmce is tlie quantity of work or mecbanical 
energy which is required to produce the proof strain, and is 
one-half of the product of the x>i oof stress of the body by its 
proof strain. 




Fig. 12L 

In explanation of the abovei it may be remarked that, as 
the body suffers no injury, the strain produced by any stress, 
up to and including the proof stress^ is about proportional to 
that stress. In fig. 12, AB is the proof stress, and the ordinate 
BO the proof strain. Ad, Ae, A/, are other stresses to which 
dg, eh, and /k are corresponding strains^ so that AghkQ is a 
4b q 
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straight line.* Now, the whole work done by the strasaes in 
producing the strains between A and BO is evidently the 

area of the triangle ABC or — 2 — f which is, therefore, the 

amount of work which must be applied to produce the 
• strain Bd 

181. Measure of Direot Strain.— When a body is under 
the influence of an eztensiTe or compressive stress, such as a 
pull or thrust^ so as to produce a certain strain, then the ratio 
of the amount of strain to the original length of the body 
strained is termed the meoiwre of direci Hrain, In testing 
the proof strength of iron or steel it is usual to nmke two 
marks on the test sample six inches apart, then when the 
piece is broken the distance between the marks is again 
measured, and the amount of strain is thus determined. The 
ratio of the strain to six inches is the measure of the direct 
breaking strain. Should the body be tested only to the proof 
strain, ihen the ratio is the measure of the direct proof strain. 
If the body is under a compressive stress, the ratio of the 
contraction to the original lezigth would also be the measure 
of direct strain. 

Supposing a length of six inches to stretch to six-and-a- 
quarter inches, then the eictension would be A- = *0416. This 
is true whether the breaking strain be reached or not 1a 
order to form a bettor idea of the qualities of the material 
subjected to the stress, the amount of direct strain produced 
by each pound on the square inch of direct stress is calculated, 
this being termed the direei eoBtennbUiti/ or comprewUnUty of 
the body, as the case may be. For instance, 8U])po6e a direct 
stress of 44,800 poimds on the square inch stretches a bar six 
inches long untU it measures six-and-a-quarter inches, then 

"iz ^ TTii5D = injhnns ~ *0000(K)93, 

wliich is the extensxhilUy of the material under experiment. 
The term pliability is used to comprehend both extenribiiU^f 
and compressibility. 

In most substances the extensibility and compressibility are 
nearly uniform and equal to each other for stresses not exceed- 
ing the proof stresa When the proof stress is exceeded the 

• Thia ia uearly true for niost materials, 
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pliability increases very rapidly, and tlie fact of its doing so 
in any test is a proof that the stress is great enough to weaken 
the material. 

Modulus of Elasticity. — If the stress does not exceed 
the proof stress, then the reciprocal of the direct pliability is 
termed the modulus of dasticiti/. For instance, suppose a ' 
pull of 22,400 pounds per square inch causes a bar of iron to 
lengthen by Wt>s of its original length, then 22,400 x 1300 = 
31,120,000 pounds ]>er square inch is the modulus of elasticity 
of the iron in question. In this example the proof stress is 
not reached, and thus the modulus is lar greater than would 
be given by the reciprocal of the direct i)liability in the pre- 
ceding case where the material is supposed to have broken 
under the stress. 

Table IX. gives values of the modulus of elasticity of 
different substances as found by experiment, and recorded in 
Professor Rankiiio's " Useful Rules and Tables." 

Intensity of Stress means the amount of stress in units 
of force, divided by the number of units of area in the surface, ' 
over which it acts. For instance, if a bar whose section is 1 
square foot be subjected to a direct pidl of 64;^ tons, then, 
calling 1 square inch the unit of area, and 1 lb. the unit of 
force, the intensity of the stress is i"!^^- - 1000. 

' * in 

Glasses of Stress. — There are three principal kinds of 
simple stresses, viz. : — 

I. Thrust or Compression. 
II. Full or Tension. 
III. Shear or T'anyential Stress. 
The first is such as acts upon a vertical pillar supporting a 
load, the second such as acts u})on a rod hanging vertically 
and supporting a load at its extremity, and the third is such 
as acts upon a I'ivet connecting two lap-jointed plates when 
the plates are being pulled asunder or pushed over each other 
by forces actmg along their common surfaces. 

J3<'Hidt's the above there are certain compound stresses^ tho 
principal of which are — 
I. Twisiiug. 
II. Tranverse or Bending. 
The former of these is such as an engine shaft is subjected to, 
and the latter is represented b^ a loaded beam* 
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There axe many combmatians of iJiese wbidi occur, but 
their efibcts may be generally inrestigated by resolTing them 
into their elementary stresses. 

Local and Stmetiural Strengths.-— In oonsidering 

the principles regulating the strength of materials as applied 
to sbipbuilding, we shall divide the stresses to which a vessel 
may be subjected into two dasses, viz.: first, Local Siresaea; 
and second, Siructured Stresses, 

The first of these divisions will include the strength of 
riveted joints and other connections which unite the innn- 
merable pieces of which a ship's hull is composed, also the 
power to resist local stresses pofisessed by difierent parts of 
the structure, such as pillars, beams, etc 

The second division will relate to the qualities necessary 
to insure the requisite strength in the whole structure, con- 
sidered as one piece, so that it may be able to resist the 
stresses to which the ship is liable. 

188. Local Btresaes. — ^The hull of an iron ship is composed 
of a great number of plates and angle-irons which are joined 
togewer with rivets. The plates are either lapped over each 
other in order to connect them, or else they are tmited by 
means of other pieces of plate in the form of straps and strips. 
The name of straps is given to the pieces of plate which join 
the butts of plates while those which join the edges are cidled 
strips. Angle-irons (when not welded together) are joined 
by short angle-iron straps, and plates are riveted to angle- 
irons by causing one of the flanges of the latter to lie against 
the face of the plate. But in all these modes of disposing the 
parts joined together rivets are the joining mediums. For 
the characteristics of the several kinds of rivets employed, see 
the work on Fractieal Nawd ArehUecturs in this Series. 

In estimating the strength of a riveted joints we assume 
the force to be in the form of a pull or thrust acting in the 
plane of the surfiEuses in contact and square to the joint* 
Under these dreumstances the tendency is to shear the rivets 
or else break one of the plates joined, or the joining strap if 
any is used. In order that the joint may be efficient it is a 
necessary condition that the resistance of the rivets to shear* 
ing, and that of the plates to breaking, should be equal; for, 
as the strength of the whole is that of its weakest part, any 
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excess of strength at one point over anoilior is of no value. 
A riveted joint can never be so strong as a coutiniions plate; 
but as the plates composing a ship are mostly weakened by- 
holes, elsewhere than at their 1)utts, in order to connect them 
to the other parts of the structure, we have to get a joint 
whose strength approximates closely to that of the plates at 
their weakest section; and to insure that the riveting is of 
such a character, and so aiTanged at that joint, that there is 
no more tendency of the rivets to shear than of the iron be- 
tween the rivet holes to break, and vice versa. 

In order to make such a calculation, and thereby arrange 
the riveting, it is necessary that we should know the resist- 
ance per unit of area which iron offers to breaking by exten- 
sion or compression, and which a rivet offers to shearing. 
These resistances vary with the quality of the materials. The 
Admiralty standard of tensile strength for BB iron is 22 tons 
per square inch in the direction of the grain, and 18 tons per 
square inch across the gi'ain. Iron of B quality is required 
to stand tests of 20 and 17 tons with and across the grain 
respectively. "Wrought iron offers about -J- the resistance to 
compression that it does to extension. The resistance of 
rivets to shearing is about the same as the tensile strength of 
iron of the same quality. For instance, the shearing strength 
of a J-inch rivet of Lowmoor or Bowling iron is about 10 tons, 
which is equal to 22.^ tons to the square inch. Although the 
best Admimlty iron is required to stand a tensile strain of 22 
tons to the square inch before breaking, it must nevertheless 
be remembered that the strength of this iron in the vicinity 
of the rivet holes is reduced by the punching process to about 
18 tons per square inch, which is the value we shall employ 
when refening to pimched work. 

184. Diameters of Rivets. — The first thing to be considered 
wdien joining iron j)lates together is the diameter of the rivet 
to be used. This is fixed by two considerations : First, the 
minimum size of the hole that can be jninched in a plate of 
the given thickness;* and second, the rivet must be of such a 
diameter that it shall be on the point of shearing just before 

* This only applies to pimdied holes; when dnllecL as in the best 
boiler work, the sue of the rivet is not inflnenoed hy this con- 
•ideration. 
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the iron between the rivet and the butt of the plate is being 
forced out. 

The first of these conditions is the lesser in point of 
importance, seeing that a hole can bo punched readily, pro- 
vided its diameter is at least equal to the thickness of the 
plate. 

With regard to the second condition, it must be remem- 
bered that joints have usually to be watertight, to insure 
which, the rivet must not bo far away from the butt or edge 
of the plate, or else the joint cannot be caulked; the usual 
})ractice is to place the rivet rather more than its own 
diameter from the edge. 

Let ci= diameter of the rivet, 
thickness of the plate 

to find the maximum ratio between d and t. Since the 
shearing strength of a j in. rivet = 10 tons. Therefore the 
Blearing strength of a rivet d inches in diameter 

= tons. 

Let the strength of the iron in the wake of the holes be 18 
tons per square inch. 

Stress requiied to force out the beaiing surface— > 

=18x2(i<=36<;2«tons. 

Supposing the rivet on the point of shearing when the iron 
18 on the point of bursting out in front of the rivet: then 

or d : < : : 2 : 1. 

From which we see that the diameter of the rivet should 
never be more than twice the thickness of the plate. This 
result is followed out in practice; and the experience of our 
best shipbuildei's has led tliem to adopt a tolerably uniform 
ratio of to ^ for each thickness of plate. The following 
Table shows the diameters of the rivets for the several thicTc- 
nesses of plate, as required by Lloyd's and the Liverpool 
Kules, also the practice of H.M. Dockyards. The sizes aro 
given in sixteenths of an inch: — 
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TABLE OF DIAMETERS OF RWETS FOR DIFFERENT 
THICKNESSES OF PLATES. 



IbickneMes of Plates. 


IMauMtan of Blvwit. 


IAovA'a Aulas 




Q.M. Dockvardd. 


6 


10 


8 


8 


6 


10 


10 


10 


7 


10 


10 


12 


8 


12 


12 


12 


9 


12 


12 


14 


10 


12 


13 


14 


11 


14 


14 


14 


12 


14 


14 


16 


13 


14 


15 


IG 


14 


16 


16 


18 


15 


16 


17 


18 


16 


16 


18 


18 



As will be seen by reference to this Table, it is found in 
practice desirable to use a larger rivet in proportion to the 
thickness of the plate when the latter is small than when it 
is large. We have already shown that the rivet should never 
have a cp-eater diameter than is equal to twice the thickness of 
the plate, and we see by the Table that Lloyd's Rules require 
f in. rivets for ^ in, plates. Other practices do not differ 
materially from this. But when the plate is 1 in. thick the 
diameter of the rivet is 1 in., by Lloyd's Rules, and 1^ in. 
by the Liverpool and Admiralty Rules. In investigating 
the strengths of riveted joints, we shall use the diameters 
required by Lloyd's Rules, as they are those most commonly 
adopted, and do not deviate materially from other practices. 

186. Spacing of Rivets. — In spacing rivets, we are often 
limited by the necessary conditions for the work being water- 
tight. In order to secure this quality it is requisite that the 
rivets shall be sufficiently close together, and near the edge 
of the plating to enable the joint to be caulked, and then 
remain rigid when subjected to water pressure, or any other 
stress to which it is liable. It is evident that if the plates 
are thin the rivets should be closer together, in order to make 
the joint watertight, than when the plates are thick; but on 
no account should the rivets be so dose to the edge as to 
cause the resistance offered by the iron between the rivet 
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bole and the edge of the plate to be inferior to the shearing 
strength of the rivet; nor should the rivet holes be punched 
so close together as to seriously cripple the iron between the 
rivet holes. As we have already said, the ordinary practice 
is to puncli the holes rather more than the diameter of the 
rivet from the edge of the plate. With regard, however, to 
the spacing of the rivets (or tlie " pitch," as it is sometimes 
termed), in order to secure watertightness, it is found by 
experiment that the holes should not be more than 3J 
diametci*s of the rivet from centre to centre in very tliin 
l)lates, and about 4^ to 5 diameters in plates of the ordinaiy 
thickness employed in the bottoms and sides of ships. The 
diameter of the rivet is fixed by the thickness of the plate^ 
in accordance with the Table given in Art. 184. 

Lloyd's Rules require a spacing of 4 J diameters; the Liver- 
pool Register requires 4 diameters; while the Admiralty 
])ractico is to space the rivets 4 J to 5 diametera apart in edges 
aii<l butts of bottom and bulkhead plating, and 5 to 6 
diiuneters apart in watertight work elsewhere. 

Calculations based solely upon the necessary equality 
between the tensile strength of the iron left between the 
punched holes and the shearing strength of the rivet, give 
results which differ materially from the above practices when 
the joints and butts ai*e single riveted, and show a somewliat 
smaller pitch for double riveted work than is commonly 
]iracticed in ship work. Such calculations are based upon 
the assum{)tion, to a considerable extent borne out by experi- 
ment, that the tensile strength of BB iron, after being 
punched for watertight work, is 18 tons to the square inch, 
instead of '22 tons, as in the nnwounded material; also that 
the shearing strength of a rivet m 22 tons per square inch 
of its sectional area. 

We will now make such an investigation for a single riveted 
joint connecting two plates. 

Let ^ = the thickness of either of the plates in inches. 
* d=i)xQ diameter of the rivet in inches. 
p=the pitcli of tbe rivets in inches. 
Then p -d= distance between consecutive riret holes, 
and (p -iQ tssectional area of the iron between these holes. 

Also -^-=seetioiulareaof axivet 
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Aflftame 22 tons per square inch to be the Bliearln<^ sti encrtli 
of a rivet; and 18 tons per square inch to be th^ tensile 
strength of the iron in the line of rivet holes after punching. 
Then, in order that the rivet shall be on the point of sheaa> 
ing, just as either of the platea is about to break between the 
liyet holoB^ ve have — 

or p = d-i- ^ 

To apply this result to a specified case, suppose the plates 
connected to be each ^ in. thick, and the rivets therefore f 
in. in diameter (see Table in Art 184). Then — 

psi+l-OSsl^SSIn. 
or 1*83 X 4=2*41 diameten, 

instead of 4 to 5 diameters^ as is the common practice in 
ship work. 

Next suppose the joint to be double riveted. Then tlio 
strength of either of the plates in the line of rivet holes re- 
mains the same, while the resistance to sheaiing is doubled. 

Hence llwd^ =lSt {p - d) 
=(i+l-92y 

Applying this, again, to the case of J in, plates and J in. 
rivets, we have — 

©=•75 + 2 10 = 2-91 in. 
or 2 "91 X 4 = 3*88 diameters. 

which is rather less than the spacing adopted in practice. 
If the joint were treble riveted, we should have 

p=-76 + 3-24-=3 fK) in. 
or 3*99 xJ=5-32 diameters. 

which is a spacing rather in excess of what is desirable for 
watertight work. 

These results would seem to indicate that the ordinary pitch 
is too open for single riveted work, but on the other hand it 
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must be remembered tbat single riyeting is never adopted for 
butt straps in cases where great strength is required. The result 
for double riveted work is rather below the ordinaTy practice, 
ill A\ liicli it would appear that the rivets are not so strong as 
the iron between the holes. It is, however, rather significant 
that in all the cases on record of an iron ship breaking, the 
fracture — ^when it takes place at the joints and butts — is 
almost invariably produced by the iron breaking between the 
rivet holes; and cases in which the rivets have been sheared 
are very rare. If the holes in the plates were exactly oppo- 
site to each other in all c<ases, and the riveting well performed, 
it is very probable that 22 tons per square inch is a fair 
allowance for the resistance to shearing; but with the diift 
punch, used so often as it unfortunately is, it is impossible 
to insure that the intended diameter of the rivet will not be 
exceeded. Besides this, it seems very likely, considering the 
frictional resistance to separation which is offered by the 
surfaces of the plates in contact when pressed together by 
the contraction of the rivet in cooling, that the allowance of 
22 tons per square inch of rivet section does not represent 
the total resistance to fracture by shearing. 

186. Number of Rows of Rivets. — we have already 
indicated, the object of the shipbuilder in arranging the rivets 
of the butts of bottom plating, stringers, deck plating, etc., 
is not to unite the plates so as to make the connection as 
nearly as possible equal in strength to the plates themselves, 
but to make the strength at the joint at least equal to that 
at the weakest section of the plate elsewhere, as, for instance, 
where it is riveted to the frames, beams, etc. Any stronger 
connection is unnecessary. Also, in joining the edges of 
adjacent plates, it must be remembered that the frames and 
beams assist the edge fastenings in uniting the plates of 
bottom and deck respectively. Consequently, the edges of 
plating have never more than a double row of rivets, while 
sometimes three and even four rows are put in the butt straps. 
The usual practice is to put double riveting in both edges and 
butts, but in some cases the edges are single, while the butts 
are double, riveted. ISlr. J. Scott Russell has built some 
ships with single riveted edges and butts, but these vessels 
were oonstructed on the longitudinal prinmpk^ whmin both 



the edge and bnifc riveting axe Baoconred — ^the former by the 
transverse, and the latter bj the longitudinal, framing. It 
-will thus be seen that in arranging the local fastenings at any 
part of ft ship, attention must be given to the mode of 
oonstmction, in order that the strength of the connection 
may not be much, if at all, in excess of the strength of the 
parts connected, saoh additional strength being, of oonrse^ 
mmecessaiy. 

187. Butt Straps. — ^Butt straps are of two kinds — single 
anddouble. Single butt straps are nsually of the same thick- 
ness as the platM they connect, but in some cases they have 
been made a little thicker. Double butt straps are fitted one 
on each side of the plates joined, and the thickness of each 
strap is made about ^ i ^^^^h more than the half thickness 
<^ the plates, in order that one or both of the straps may not 
break by the iron being forced away in fix)nt of the rivets. As 
we have said, the liveting in butt straps is of diffisrent kinds, 
aa si^igkf double^ treble, etc. The riveting is also arranged in 
two different styles, viz., ehcuin and zig-zag; in each of these 
styles some of the rivets are at times omitted in order to 
obtain more uniform strength. The question of watertight- 
ness, or otherwise, considerably modifies the spaciDg and the 
omission, or the contrary, of any of the rivets. 

Plate XXXIV shows specimens of the different kinds of 
riveting employed in butt straps. Bf and C are single, 
double, and treble chain riveted straps respectively. J) and U 
are respectively double and treble zig-zag riveted straps. I\ G, 
and K are specimens of treble chain riveted straps with rivets 
omitted where they are not necessary for caulking, while H 
is a treble sag-aat riveted strap with rivets omitted for the 
same reason, i^and M are sections of double riveted single 
and double straps respectively. 

Single butt straps are usually employed to connect plates 
already weakened by holes, or in cases where very great longi- 
tudinal strength is not required, while double butt straps are 
used in order to obtain as nearly as possible the same strength 
as in the unpierced plate. There is often some inconsistency in 
their use in ships : as, for instance, a watertight longitudinal 
is weakened by holes in the wake of the wateHight fmme as 
much as the other longitudinals; yet while single butt straps, 
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douMe rivotofi, son-e for the latter, double butt straps, some- 
times treble riveted, arc used in the former. There is more 
reason for the use of doulile butt straps in a vertical keel, as 
in that caso the loss of strength duo to the close piteh of the 
riveting whicli connects it to the watertight frames is restored 
by the double angle-irons at the bottom of the keel and by an 
additional flat keel plate. It is perhaps hardly necessary to 
Bay that the advantage in the use of a double butt strap is 
that every rivet must be sheared twice that would on\j be 
sheared once in breaking the joint having a single strap. 
The relative merits of chain and zig-zag riveting (see Plato 

XXXIV. ) appeal's to be more a question of experiment than 
calculation, depending as it does upon the relative binding 
and frictional resistances between the surfaces of the ])lates 
joined; also, the relative wat-ertightness of the joints and the 
relative strengths of the iron in the neighbourhood of the 
punched holes. Apart from these considerations, the whole 
question resolves itself into one of putting enough rivets to 
get shearing resistance equal to the tensile strength of the 
iron lietween the holes, and this is altogether independent of 
the j)attern which the rivets assume when worked. 

188. Edge Connections. — These are of two kinds — lap and 
jump joints. In Plate XXXV., Ay and C are specimens 
of lap joints, while 7>, Ey and ^'show the jump joint edge 
connections, and G and H show sections of the two. As will 
be seen, the weight of the material used in joining the plates 
is twice as much for the same kind of riveting in the jump 
as compared with the lap joints, while the resistance offered 
to a pull is the same in eacli case. The jump joints, when the 
edges are closely litted, oiler far gi'eater resistance to com- 
pressive stresses ; for while the edges are in conU\ct, there 
is no tendency whatever to shear the rivets. As, however, 
the pulling stre^jses on side plating are the most frequent, and 
as the power to resist these constitutes the actual strength of 
the connection, the jump joint connections are not used for 
Btrengthcning purjwses so much as to get a flush surface. 
Jum}) jointed work is usually found in deck plating, inner 
bottoms, and topsid(; i)lating of war ships. in Plat© 

XXXV. , shows a single rivetetl lap, B a double chain riveted 
lap, and C a double zig-zag riveted lap; while and F 
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are respectively single, double diain, and double zig-zag 
riveted jump joints. 

189. Strength of Butt Straps. — This subject has already 
been briefly considered in Art. 185 ; we now propose to discuss 
the question somewhat more in detail. As will be seen by 
what has already been said, the strength of any riveted joint 
cannot exceed that due to the iron left between the row of 
rivet holes nearest the butt or edge of either of the plates con- 
nected, unless some of the rivets arc omitted in that row and 
not in the othere, which is a case we do not propose to con- 
sider at present. Assume 18 tons per squfire inch to be the 
tensile strength of the iron between tlie rivet holes, and con- 
sider the portion of the butt connection which extends from 
midway between two consecutive rivets to midway between 
the next two (i.e., from aa to bb, figs. 1, 2, and 4, Plate 
XXXVI.). 

Using the same nomenclature as in Art. 185, we have for 
the strength of the iron in either of the |)lates through the 
line of rivet holes nearest the butt 

Hence if p and d have the same values in all tlie butt con- 
nections, the strengths of tlie latter are equal so far as the 
plates are concerned. But d has a constant value for each value 
of t in ship work, hence the only variation in the strength of 
the plates which can occur must be due to the pitch of the 

riveta If the ratio ofptop-c^isasitoS^ that ia^ if 

= f , then the strength of the plate through the line of holes 
is three-fourths that of the plate elsewhere, supposing the iron 
not to be impaired by punching. Making allowance for the 
tensile strength of the iron being reduced from 22 tons to 18 
tons per square inch, then the fraction which the strength of 
the pierced is of the unpierced plate is }xi| = |^='61. 
This is the maximum ** efficiency " which any butt connection 
can liave in which the rivets are spaced four diameters from 
centre to centre, and the strength of the plate is reduced from 
22 to 18 tons per square inch by punching. 

But this efficiency" can only exist when the shearing 
atren^th of the rivet or rivets is at lesw^-it e<^ual to the teuaile 
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strength of the iron between the holes. If the one rivet is 
equal to the strength of the plate between consecutive holes, 
double riveting Ls unnecessary when the pitch is foui' diameters; 
and, if adopted, the pitch must be increased in oi'der to obtain 
the requisite equality. To a greater degree the same remark 
applies to treble nveting. 

The aiea of the rivet Beckon ie and its fihearing 8b^^ 

has been afisumed to be 22 tons per square inch. Hence, 
-y- is the strength of the rivet in the single riveted butt. 

where p=^id and t is constant 

hence llTd^^lQStd 

Which shows that in order fw a single riveted butt strap, 
with rivets spaced four diameters apai*t, to have an efficiency 
of '61, the diameter of the rivet must be 3 12 times the thick- 
ness of the plate. The impracticability of this condition has 
been already shown. We have proved that under no circum- 
stances should the diameter of the rivet be more than twice 
the thickness of the plate ; and we have also shown that it is 
a necessary condition that the rivet should not be less than 
its diameter from the edge of the plate. Suppose the thick- 
ness of the plate to be J inch, it would require a rivet rather 
more than 1 J inches in diameter, and placed at rather more 
than 1 J inch from the edge of the plate, in order that the 
efficiency of the joint may be The impossibility of 

caulking the joint and other practical difficulties quite pre- 
clude such a large rivet from being used. 

The universal size of rivet used for ^ inch plates is f inch, 
and a pitch of four diameters would cause these rivets to be 
spaced three inches from centre to centre. 

Substituting these figures in the expression for the strength 
of the rivet, we have 

9 10 3« 
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and for the strength of the iron between the rivet holes we 

have 

ISxix (3 -i) =20-25 tons, 
which shows thai the rivet is not half so strong as the plates 
joined^ and that the efficiency of the joint is rwJly 

-1^ X -61 nearly. 

20-25 ' 

Had tliere been two rows of rivets, then the strength ot 
the rivets would have been 2 x 9*72 = 19*4:4 tons, and tho 
efficiency of the joint would then have been 

i2i^x -61= -69 nearly. 

20-25 ^ 

The efficiency of a single riveted butt connection with a four 
diameter spacing cannot thus exceed '3, nor that of a double 
riveted butt exceed "59, if the plates are J inch thick and 
the rivets J inch in diameter.* Had we started with ^ inch 
plates and ^ inch rivets, we should have obtained an efficiency 
of '39 for single riveting, and 'Gl for double riveting; the 
rivets in the case of double riveting being stronger than the 
plate. But had we started with a 1 inch plate and a 1 inch 
rivet, the efficiency when single riveted would have been 
scarcely *2, and when double riveted only *39, Indeed, it 
would require three rows of rivets before the strength of the 
riveting would at all approach that of the iron between the 
holes. 

These investigations point to the following conclusions in 
regard to single butt connections, when rivets are used of the 
diameters given in tho Table on p. 247 : — 

1. That a closer pitch should be adopted in single than in 
double riveted butts ; and m double than in treble riveted 
butts. 

2. That with a 4 diameter pitch the effieienoy of a single 
riveted butt joint is very small, especially when the plates 
are thick. 

3. That wiiih a 4 diameter pitoh the effieienoy of a double 
riveted butt joint is about at the wMyywwiini for pitch 
when the pli^ axe not more than ^ inch thidr^ and the value 
of the strap may be improved by mcreasing the spacing to 

* This i3 upOD the supposition that puuching the plate reduces its 
fepinle stren^ from 22 ^ns to 13 tons per square rnqh. 
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4^ diameters in tbe caae of reaj ihin platos, if that pitdi 
will pennit of aatiB&etory caullaiig. But the efficieiu^ is 
veiy low when thick plates are used; and at least thiee oom- 
plete rows of rivets are neoesasiy in order to obtain the effi- 
ciency due to the pitcL 

4. That other things being the same it is desirable to put 
larger rivets in plates of more than f inch in thickness than 
are now oommonlj nsed. 

It will be observed by referring to figs. 1, 2, and 4 of 
Plate XXXYL, that if the rivets are the stronger, the frac- 
ture will take place as follows : — In fig. 1, by either the plates 
or the strap breaking through either of the lines of holes xx 
or ; in figs. 2 and 4 by one of the plates breaking through 
the line of holes XjX^ or y^y^f or the strap breaking through 
either xx or t/y. If, however, the rivets are the weaker, the 
fracture will occur by all the rivets shearing on one side of 
the butt. It is evident that the fi-acture will never take 
place by the plate or strap breaking along either of the 
middle rows of rivets on the two sides of the butt (see 
fig. 4), as in addition to fracturing the plate or strap (which 
are as strong there as through the other lines of rivet holes), 
a row of rivets must also bo sheared to break the connection. 

The efficiency of the single strap connection might be con- 
siderably increased by using four rows of rivets — or qnadm- 
pie riveting — and omitting alternate rivets in the rows nearest 
the butt and the edges of ^e strap (see fig. 3, Plate XXXYI.). 
It is hardly necessary to say that the efficiency of the straps 
with a pitdi of four diameters, would not be at all increased 
by using four entire rows, as the strength of the plates in 
the lines of rivet holes would still remain the same. 

Considering a breadth equal to two rivet spacings (see fig. 
8), and i*eckoning the tensile strength of the iron between 
the widely spaced rivet holes at 20 tons per square inch, we 
have for the strength of the plate 

»(S?p-d), 

and for the strength of the rivets 

If ^=i, d=i, andp=3, 
then the tfcrength of the plate= 10 x6l=IS2'B Uma^ 
sod of tlie iiTetis08'8 tons. 
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The efficiency of tlie joint is nearly '8 ; but this butt strap 
cannot be caulked. 

In cases where it is desired to obtain a higher efficiency 
than is possible with a single strap having a four diameter 
pitch, double butt strai)s are often employed; the advantage 
of using which is found in the fact that the rivets must be 
sheared twice instead of once, as in the single strap; the 
strength of the plate between the holes remaining the same 
as before, unless alternate rivets are omitted By this double 
shear the efficiency of the strap becomes that due to the pitch, 

or jTT^; no xeduction oocurring by reason of the xelativa 

weakness of the rivets, as is the case with single and, gene- 
rally, with double riveted single straps. In order to obtain 
an equality of strength between the plates and straps through 
the lines of rivet holes, the straps should each be one-half 
the thickness of the plates. But in practice it is usual to 
make the straps rather more than half — say by one-sixteenth 
to one-eighth of an inch — as in that way the size of the rivet 
employed is not so disproportionate to the thickness of the 
strap, and it is not then necessary to allow so much distance 
between the outer rows of rivets and the edges of the straps, 
in order to prevent one of the latter breaking away in front 
of the rivets. It is unnecessary to investigate the strengths 
of single or double riveted double straps when no rivets are 
omitted, as the strength of the rivets is nearly doubled, and 
hence in excess of the strength of the plates or straps through 
the lines of rivet holes. The efficiency of the double riveted 
double strap might, however, be increased by reducing the 
size of the rivets, and keeping the spacing the same. In this, 
way, if the straps are each rather more than J inch thick, the 
rivets |- inch, and the spacing 3 inches, we should have for 
the strength of either of the plates or of the two straps— 

18^ (p - d) = 9 x2i=21*4 toii% 
and tlie BtreDgth of the rivets 

22«i*=27 tons. 

The efficiency of this connection is *65« 

The advantage of double butt straps iB, lioweyeri chiefly 
found whon at least treble riyeting is used, and certain 
iiTefai wee omitted. It aras^ howoTer, be remimbered that 
4b a 
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it is impossiblo to get a caulk when these rivets are 
omitted; but that is unimportant, for joints of such an 
efficiency are not usually required where water-tight work is 
essential. By r<^f erring to tig. 5, Plate XXXVI., it will be 
seen that the butt connection there shown may be broken 
in five different ways, viz.: — (1) By a plate breaking through 
either of the rows of rivet holes yy or y^i\ (2) by the two 
straps breaking through either of the rows of rivet holes xx 
or cCjO^; (3) by all the rivets shearing on one side of the 
butt; (4) by a plate breiiking through either of the rows 
of rivet holes zz or z^z^^ and shearing the rivets in the 
line XX or x^x^\ (5) by the straps breaking through either of 
the rows of rivet holes zz or z^z^^ and shearing the rivets in 
the line ;/// or y^ily The weakest of these modes of fracture 
is evidently that which would ocGur^ and which. £xes the 
strength of the strap. 

In investigating the resistances to fracture by each of these 
modes, we shall assume the pitch to be 4 diameters, where 
alternate rivets are not omitted ; and, therefore, 8 diameters 
elsewhere. We shall also consider the diatnetera of the 
rivets to be in accordance with Lloyd's Rules, and the thick- 
ness of each strap to be nine-sixteenths of the thickness of 
the plates joined. Considering a length of the strap eq^oaL 
to twice the pitch of rivets, we have the strengtii by 
lat mode of fracture=:20((2p - 

3rd „ „ =4x^^x2=44«i» 

4th „ „ =18<(2i>-2<i)+^- x2=:36<(p-<l)+ll»d!« 

6th „ „ =|xl8<(2i^--2c£) + --^x2=|-i(2p-(i)-hllir<|« 

Then strength by 

1st inode= 10(6 - £) =51/25 tons 

2iid „ =f(6^« =«9 

8rd ^ ±:4x20 =80 
401 =18<3-f)+fiO=0O*5 

^ *f =x(3-i) + 20=G5-6 „ 
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The strengdi of this connectioiL is therefore 51*25 tons; and 
since the strengUi of the unpieroed plate is 

2px«x 22=66 tons, 
the efficiency of the strap is = *78. 

Had we started with the supposition that the iron between 
the rivet holes — ^when the latter are spaced 6 inches apart-— 
was uninjured by punching, the efficiency of the strap would 
have been ^ = -83. 

A greater uniformity in the strengths of the strap by the 
several modes of fracture would have been obtained had the 
pitch been a little greater, 

, In the above investigation it will again be seen that the 
maximum strength of an}^ connection by single or double 
butt straps, however riveted, is the strengtli of the plate in 
either of the lines of rivets yi/ or '^^^^^ thus the strongest 
strap connection is that wherein there is only one rivet in 
that line ; it being assumed that the total number of rivets 
in the stmps is sufficient, and that the strap or straj^s are of 
the proper thickness. Mr. E. J. Reed, in his SJiipbuildiny 
in Iron and Steely has given the particnlare of a calculation, 
made by Mr. N. Bamaby, the present Dii-ector of Naval 
Construction, of the stresses required to fracture a butt 
strap, the form and riveting of which ai'e based upon the 
principles juat referred to. 

*' The plates united to form the tie are |{) inch thick and 24 inches 
wide, with double butt straps each inch thick, riveted with 1 inch 
rivets, arranged as shown by a in Plate XXXVII., it being obvious 
that the use <rf extra thickness in the bntt straps mast in this case 
be resorted to, because the strength of the straps through the line of 
holes next the butt has to be made equal to the strength of the plate 
through the single rivet hole. The ordinary rule observed in ship- 
building is carried into effect here, all the rivet holes being a diameter 
clear of the edges and butts. The tensile strength of the unpunched 
plate is aaamiiMl to be 22 tona per square inch of section, and hence 
it f ollowa that we haye— 

Biedmig BtreDgthof the impimdied t^ 

''The Imtt may be fractuied by breaking either the plate or the 
butt straps, and shearing the rivets. There are altogether ten modes 

of fracture which we propose to examine, commencing with those in 
which the plate is broken, observing that although the plates or 
straps might break in other ways, these ten modes appear sufficient 
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for the present investigation, as they apparently comprise all the 
weakest cases. In these investigations we shall take the doable 
shearing strenffth of a 1 inch rivefc at 32 tons. The simplest mode 
of fraotare is that illustrated hy b, JN^te XXXVIL, where the plate 
has been broken through the single rivet hole. As there is only this 
one hole in the breadtli of the plate, it will be fair to assume that the 
iron in the line of fracture retains its full strength of 22 tons per 
s^uaie indL The eflfectlTe breadth of the plate is zednoed by the 
rivet hole to 23 inches, and we oooseqiiently nave for Mode I: — 

Breakiqg streiigth=23^ X i^' X 22 toas=316 tons. ^ 

** A second mode of fracture is ahownby c in Plate XXXVn.,where 
Uie iklate has been broken across two rivet holes, and the single rivet 

has D6f Jl sheared twice. In this case also it may be fairly assumed 
that the tensile strength of the iron in the line of fracture is almost 
unchanged by the punching of the two holes. The effective breadth 
of the plate is reduced to 22 inches by the two rivet lioks» and wo 
thus obtain Mode II. : — 

Breakinff strength of plate=22' x |g'' x 22 toD8:=303 tons 
Added for donUe shear of one rivets =_32 

Total Ineaking strenglih, =335 

A third mode of fracture is ttlven in Plate XXXvii., wbeie 
the plate has been broken through three rivet holes, and three rivets 

have been sheared twice. In this case the tensile strength of the 
iron in the line of fracture may be considered to have been reduced 
to 20 tons uer square inch. The effective breadth of the plate is 21 
inches, and we have for Mode III. : — 

Breaking strength of plate =21" xU"x2lO tons =263 tons 

Added Sat doable shear of three nviats, *» 

Total breaking strength, =309 

A fourth mode of fracture is illustrated by e, Plate XXXVII., 
where the plate has been broken through the row bf rivet holes 

nearest the butt, and the remaining six rivets on that side of the 

butt have been sheared twice. Here, as the pitch of the rivets is 
about 4 diameters, it will be proper to take IS tons as the tensile 
strength of the iron in the line of fracture. The effective breadth, 
of the plate is reduced to 19 inches, and we obtain for Mode IV. 

Breaking strength of plate = 19^' x x 18 tons =214 tons 
Added for double shear of six rivets, = 192 „ 

Total breaking strength, =406 „ 

" A fifth mode of fracture consisto in shearing twice the eleven 
riveto on one side of the butt, and this gives for Mode V•^— 

Breakii^ strengths 11 x 32=852 tons. 

'* Before proceeding to consider the other cases of fracture in which 
the $trap8 are broken across, it may be well to state that we shall 
awme 19 tons per square inch to be the tensile stroigth of the iraiL 
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in all tlia lines of fracture, the breadth of the straps being pro- 
portioiied in rach a manner as to bring all the rivets within a 
diametw of the ediges, as before described. 

"A sixth mode of fracture is illustrated by /, Plate XXXVII., 
where the straps have been broken across tlie single rivet hole, and 
the remaining ten rivets on that side of the butt have been sheared 
twice. Remembering that there are donble straps, each -fg inch 
thick, and that the effective breadth of the straps along the line of 
Iractnie is 2 inches, we obtain for Mode VL: — 

Breaking strength of straps =2 x 2* x A* X W ton8= 41 tons 
Added tor double shear of ten rivets, = 320 „ 

Total breaking strength, = 361 , , 

**A seventh mode of fracture is shown by fj, Plate XXXVII., 
where the straps have been broken through two rivet holes, and the 
eight rivets between the fracture and the butt have been sheared 
twice. The total breadth of the strap at this part is 8 inches, and its 
effectiTo breadth is therefore 6 inchM, thns giving for Mode VIL 

Breaiking streDgth of 8tn^=2 X 6^ X X 18 tonssl22 tons 
Add for doable shear of eight riyets, =256 „ 

Total breaking strength, = 378 „ 

"An e^c^th mode of fracture is given in A, Plate XXXVIL, where 
the stn^ have been broken through three rivet holes, and the five 
rivets nearest the butt have ]>v.cn sheared twice. The total breadth 
of the strap is here 12 inches, and the effective breadth 9 inches; we 
thus obtain for Mode VIII. : — 

Breaking strength of straps = 2 x 9" x x 18 tons = 182 tons 
Added for double shear of five riveta, — IGO 

Total breaking strength, =342 

"Another mode of fracture is shown by k, Plate XXXVIL, 
where the straps have been broken through the five holes nearest 
the bvtt The efiEiBctive breadth of the strap is here 19 inchM, and 
we obtain for Mode IX. : — 

Broaldqg 8trength=2 x 19* x A'' x 18 ton8=385 tons. 

''The remainkig mode of fractore is shown by ^ Fkte XXXVII., 
where the straps have been broken, as in Mode VIII., and the plate 
has been broken through the line of holes nearest the butt; we thua 
have for Mo<le X. : — 

Breaking strength of straps as in Mode VIII. = 182 tons 

,, plate as in Mode IV. =214 ,, 

Total breaking strengtli, =396 ,, 

"It will be seen from these results that in all the various modes 
of fracture, except the first, the breaking stren^h is greater than 
the stren^ of the mmnndied tie plate, and tSat the strength of 
the butt IS, conseqiMtttly, less than the strength of the tie 1^ one 
first hole only." 
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190. Strengrth of a Shift of Plates.~In investigating the 
efficieiicy of plate connections at their butts and edges, the 
most profitable method is to consider a complete shift of 
plating, i.e., the streiic^tli in the weakest section of batted 
plates and the plates which intervoQe. between two con- 
secatiye buttsnn the same transverse section. Apart from 
other lines of relative weakness, the strength of such a sec- 
tion will vary with the number of ''passing strakes/' {.e., the 
number of stmkes between consecutive butts in that section. 
Adjacent strakes being always butted at some multiple of 
the frame or beam spacing i^art, 'and the lengths of the 
plates being limited to the capa])ilities of the rolling nullsy 
or the price the builder is willing to pay, the problem 
of obtaining the best shift of butts has excited some 
ingenuity. In these attempts two things have been 
arrived at, one being to get a maximum number of passing 
strakes between consecutive butts in the same transverse 
section; and the other being to prevent the butts of adjacent 
strakes being so dose together as to make a weak step- 
shaped section, or, in other words, to prevent the plating 
breaking along these adjacent butts and the edge riveting 
between them. Plate XXXYIIL shows specimens of 
difierent shafts of butts that have been adopted. Fig. 1 is 
termed the brick shifty for reasons which are obvious; this 
method was common when it was difficult to get plates long 
enough for any other arraDgement Eig. 2 is the diagonal 
shift in common use on our principa] shipbuilding rivers. 
Figs. 3, 4,. etc, are other shifts which have been adopted in 
vessels for the Eoyal Navy. 

We will now investigate the strength of a d iagon al shift 
of butts, such as is shown by fig. 2, Plate XXXYIIL In 
this arrangement there are two passing strakes between con- 
secutive butts, hence it will be necessary to calculate the 
strength of the butted plate in conjunction with the plate 
above and the plate below it. As the outer plates in the 
case we are about to consider are narrower than the inner, 
in order to give an appearance of uniform width on the 
outside; and as the butt straps of the inner strakes are the 
same width as the plates, while those of the outer are less 
by twice the lap; it is evident that, in investigating the 
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strength ot the shift, we must consider two cases: (1) an 
outer strake butt in connection with the inner strake on 
either side of it; and (2) an inner strake butt in connection 
with the outer strake on either side. 

Plate XXXIX. shows a portion of the bottom plating of 
an ii'on vessel, a and c being outer, and h and d inner strakes. 
We will fii'st investigate the strength of the strakes h, c, and 
d, taken together^ and then that of the strakes a, by and 
taken together. 

The plates and butt straps are all i inch thick, and tlie 
outer strakes are 3 feet 3 inches wide, while tlie inner strakes 
are 4 feet wide; the breadth of the lap being 4 J inches. The 
rivets are ^ inch in diameter^ and spaced as shown on the 
Plate. 

First, then, considering the three strakes, 5, c, and d, the 
middle one of which is butted as shown. Neglecting the 
rivet holes at the water-tight frames, which will be alluded to 
presently, there are six possible modes of fracture : — 

1. By the plates being broken through the line of rivet 
holes of the frame AB; the line of fracture is shown. 

2. By the plates 6 and c/, and the butt straj) of c breaking 
in the manner shown by tho line XX; the plates breaking 
through edge rivets, and the butt strap in the row of rivets 
EF nearest the butt. 

3. By the plates h and d breaking in the line XX^ as 
before, but all the rivets on one side of the butt shearing 
instead of the butt strap breaking in the line EF. 

4. By the plates b and d breaking through the line of the 
frame rivets AB; and. the edge rivets between the butt and 
the frame, also the rivets on one side of the butt strap being 
sheared. 

5. By the plates h and d breaking along tho line of holes 
AB, as before, and the edge rivets between tlic ljutt and the 
frame Vicing slieared, also the butt strap being broken in the 
line of holes EF. 

6. By the plates b and d breaking as before in the line AB^ 
and then the edge rivets betwe<3n A B and Gil being sheared, 
and the plate c broken in the line of riv^et holes (rif. 

The strength of unpunched iron will be taken at 22 tons 
per aquard inch| and this will be employed when a plate is 
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broken across through its edge rivets; elsewhere, owing to 
the punching, a tensile strength of 18 tons per square inch 
will be used. The single sheaiiiig strength of a ^" rivet will 
be taken at 10 tons. 

It ft to. ft. n. in. 

Length ol plates b, e, and d, hioken=4+3 3+4sll 3 
Bednet forii7d;ho]eBm]inai^s20x{=x = Lil sain. 

Area of section =1 13*25 x '5=56*625 sq. in. 
Bnskiiig stKflSsSe-eSS x 18= 1019 tons. 

SeoondMode. 

ft ft ft in. 

Length of plates h and d broken =4+4 =8 0 

Deduet for riyet holes in Use XX =8 x t =0 6 

7 6=90 

Area of 8ection...=dO x *5=45 sq. in.' 
Breaking straw of ]^te8...=45 X 22 =990 tons. 

ft in. 

Length of butt strap1irbken=2 6 
Dednetf(»r rivet holesOxi = 0 6| 

1 111=23*25 in« 

Area of section =23 '25 x •5=11*625 sq. in. 

Breaking stress of butt 8trap=ll*625 x 18= 209 tons. 

Add for plates, =_990 „ 

Total 1199 „ 

Third Mode, 

Breaking stress of plates b and d (as before), = 990 tons 

Shearing strength of rivets on one side of the ) ..lo^ ia. iaa 

butt strap, J -18x10-^ „ 

Total 1170 „ 

ft ft ft in. 

Tjength of plates Z> and rf broken, =4+4=8 0 

Deduct for rivets in line AB 20 x 2= 16 = 1 3 

0 9=81 in. 

.Ana of Motion... =81 x *6=40'5 ml in. 

Breaking stress, =40*6 x 18= 729 tons 

Shearing strength of rivets in ) ^ ,||_ ^arx 
edges and butt strap, { -wxiv-wu „ 

Total 1189 „ 
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Fifth Mode, 

Breaking stress of plates h and d (as before), = 720 tona 

Breaking stress of Dutt strap (as before), = 209 

Shearing strengUi of rivets between AB and ) -.2SxlO= 280 

.Total : 1218 „ 

SkOhMode, 

Broaking atreai of plates h and d (as before) =729 tons. 

ft in. 

Length of plate « Iwoken, =3 3* 

39 

Deduct for rivets in plate c 13 x £ = =9 ^ 

2 6i=29iin. 

Area of section... =29*25+ *5= 14*625 sq. uu 

Breaking stress of section — 14*625 x 18 = 263 tons 

Shearing strength of edge rivets ) _<v*„ift_ ma 

between AB and GH, j -^XIW- „ 

Addforplsites&andi^ = 729 „ 

Total. 1192 „ 

These results show a tolerable imifonnity of strength, the 
butt connection being stronger than the plates themselves 
in the line of rivets connecting them to the bracket frames. 
The close riveting in the water-tight frame (see Plate 
XXXIX.), would render a section thereat much weaker than 
elsewhere, were it not that the strength is restored by means 
of the wide liners 8 8, having a row of rivets on each bide of 
the frame. 

We will next investigate the strength of the butted plate 
b in connection with the plates a and c on either side of it. 
It is unnecessary to again particularise the several possible 
modes of fracture, as they are similar to those already con- 
sidered for the other butt connection. 

FintMode. 

, , , ft in. ft ft in. ft in. 
Length 01 plates o, ^ and c, brcikensS 3+4+3 3=10 6 
Bedaot for rivet holflB in line CD s28x|s21= 1 9 

8 9=105 in. 

Area of section = 105x '5 = 52'.1 sq. in. 

Breaking stress s^fi2 '5x18 =945 tons. 
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'Second Mode, 

ft. in. ft. in. ft in. 

Lcnp^h of plates a and r, broken =3 3 + 3 3 = 6 6 

Deduct for rivet holes in the line X^X^ = 10 x |= TJ 

6 10i = 70^iii. 

Area of Motioii=70*5 x *5=85'25 sq. in. 
Breakfag sttess d platet=35'25 x 22=775 tona. 

ft. In. 

Length of butt strap broken =4 0 
Deduct for rivet holaa 16xi= l 0 

3 0=96 in. 

Area of section of straps 36 x *5=18 sq. in. 
Breaking stress of atrap = 18 x 18 = 324 tona 
Add for plates =i775 „ 

Total 1099 „ 

Third Mode. 

Breaking stress of plates a and c, as before... = 775 tona. 

Shearing stress of rivets on one side of the strap = 32 x 10 = 320 „ 

Total 1096 „ 

FourUi Mode, 

ft In. ft in. ft in. 
Iiength of plates a and e, broiken*«= 3 3 + 3 3 =6 6 

Dednot for riveta in line CD =18x1=0 13^=1 U 

6 4^ = 64^ in. 

Area of section = 64*5 x •5 = 32*25 sq. in. 

Breaking stress = 32 25 x 18 = 680 tona 

Shearing strength of wets \ in- f520 
inedgeaandbuttstrapaj -^^^^^'-^ " 
Total 1100 

F^Mode, 

Breaking stress of plates a and c, as before .' = 580 tona 

Breaking stress of butt strap, as before 32i „ 

{Shearing strength of edge rivets between CD ) _oo.*ia— OMfc 

andKL i^^^^^^S- 

Total JSm „ 

SkeikMode, 

Breaking stress of plates a and c, as before... =680 tona 

ft in.- ; ' ^laaA 

Len^tli of plate h, broken =4 0 ' " 

Deduct for rivets, 16 x | = 1 0 ^ ^ 



3 0=36 i 

Area of section. = 36 x '5 = 18 sq. in. 

Breaking atreaa of section =18 x 18=s 89i tonltL* 

Shearing strength of edge riveta ( _oft^ m- onA 
between CD and MN j_^uxiu- £W „ 

Add for plates a and c = 580 

Total 1104 „ 
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19t Strangtii of PillaxB.— We now approach a aabjeet 
regarding wludi we are not able to arrive at sach exact con- 
diiaiona as wben oonaideriiig the strength of oombinaldoiis of 
plates sabjected to tensile stresses. This is due to the fact 
that the remstance of any material in the form of a pillar to 
compressiye forces is of a compound character, and it is 
impossible to predicate with aocoxacy in what particular 
molle rupture will take place. We are therefore, to a great 
extent^ obliged to investigate the subject experimentally with 
different materials^ made into pillars of different proportions 
both as regards sectional area and ratio of length to diameter. 

The resistance to compression, when the limit of proof 
stress is not exceeded, is about the same as tiie resistance to 
extension, and is expressed by the same modulus of elasticity. 
When that limit is exceeded, the irregular alterations tmder- 
gone by the figure of the substance render the precise deter- 
mination of the resistance to compression difficult, if not 
impossible. Crvsldng may take place (1) by the material 
tptUUry into fragments, separated by smooth surfaces whose 
general direction is parallel to that of the crushing force; (2) 
by one part of the material shea/ring or sliding over the other ; 
(3) by bulging or lateral swelling and spreadiing; (4) by huckr 
Ung or crippling; and (5) by cross breaking. 

The 1st and 2nd modes of crushing are exemplified by 
such materials as glass and hard earthenware; the 2nd by 
cast iron, stone, etc.; the 3rd by wi'oiight iron ; the 4th by 
timber, wrought iron, and bars longer than those which give 
way by bulging; while the bill is the mode of fracture of 
pillars in which the length greatly exceeds the diameter. It 
is caused by the pillar first yielding sideways aud then being 
broken as a beam. 

Competent authorities have stated that, in order to deter- 
mine the true resistance of substances to compression, experi- 
ments should be made on blocks the proportion of whose 
length to diameter is not less than 3 to 2. 

In wiuUjL^dit iron the resistance to the direct crushing of 
short blocks is from fj to -J- the tenacity, and the resistance 
of most kinds of timber to crushing wlieii dry is from ^ to f , 
while that of cast iron is six times the tenacity. 

Pillars whose lengths exceed their diameters in consider- 
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able p g o p o rtiopg, such as is Slwajs the case in a ship, do not 
give way by enishing, but by bending sideways and breaking 
acrossy being crushed at one side of the piUar and torn 
asunder at iSe odier side. Profiassor Bankine sajs,* "There 
does not yet exist any complete tfaeoiy of this phenomenon. 
Hie fonnnbs whidi htm been provisionally adopted are 
foonded on a mode of Investigation partly tiieoretioal and 
partly empiricaL" He then gives an investigation from 
whidi lesolts the following : — 

Let P=the load on a long pillar, 
8=iti seotioiud area, 

tben one part of the intensity of the greatest stress is 
simply — p 

Another part is that which arises from bending, which will 
take place in that direction in which the pillar is most 
flexible, that is, in the direction of its least diameter, if the 
diameters are unequal : — 

Let ^ = that diameter, 
, , d = the diameter perpendicular to it^ 
„ <=the length of the piUar: 
also, let pg— the greatest straw prdduoed by bending 

that is, the addiiianal sireaa dm to bending iaiothe ^reu due 
to direct pre$9wre in a raHo iiM^ em the equare of 

the proportion in whieh the hngth of t/ie pUlar exeeeda the 
leaet diameter. 

Let /be a co-efficient of strength representing the whole in- 
tensity of the greatest stress on ^e material of tiie pillar, then 

/=Pi+l>«^ (l + a^,) (1) 

in which a is a constant coefficient to be determined by 

experiment. 

Hence the following is the strength of a long pillar:— 

* ApplUd Medumka, p. 360. 
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The following values of / and a are given for the ultimate 
strength of pillais faDed at the ends by flat heads and 
heels. 



JfAfflMAL. 


Modulus /. 
Ibt. per aq. in. 


Multiplier a. 


Vofmof FUkr. 


Timber (average),.... 


80,000 

1 4fl AAA 
••• 

... 
»•• 

6,500 


1 ♦ 

1 ♦ 


HoUow cylinder. 

Thin sauare tube 

or cell. 
Solid cylinder. 
Thin cylindrical 

tube. 
Angle-iron. 
Cross -shaped 

section. 
Solid rectangle. 



For pillars jointed at both endSj multiply the values of a 
given in the Table by 4. 

For pillars fixed at one end and jointed at Hie other, multiply 
the values of a given in the Table by 2. 

In using the preceding formulfle for pillars, the following 
factore of safety should be employed : for cast iron, 8; wrought 
ii'on, 6; and timber, 10. 

192. Beams. — A beam is a combination of material so 
placed in the structure that it supports a load at one or moro 
points in its length, while it is itself supported at one or 
more other points. The direction of the load being in the .same 
line as that in which the supporting force acts (the directions 
being usually vertical), a mechanical couple is set up which 
tends to rack or shear, and to bend the beam. We will 
consider some of the ordinary cases of a horizontal beam 
subject to the influence of vertical parallel forces, these con- 
sisting of the load or loads acting downwards, and the sup- 
porting reaction or reactions acting upwards. 

Firstly y Take the case of a weightless beam AB supported 
ab its ends A and £, and loaded at an intermediate point 0 

* Thiie Utree rtSxm of a ttfB the xeBiiUi of OKprnnientSy Hm diheiv 
have been inferred from the second by the probable snppontuni that 
thflj are proportional to the flezibili^. 
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(fig. 1, Plate XL.); fF is the given load, alao F and are 



Uie required auppcnrtiiig foroes — 

Tlien W = r^P,; (1) 

alao PxABrzWxBC, (2) 

and PixAB=WxAG (3) 

From (2) P=Wx|^; (4) 

AO 

from (3) Pi=Wx^ (5) 



Secondly^ Take the case of a weightless beam AB loaded at 
a point A , fixed at the point B, and supported at an inter- 
mediate point C, Let ^be the load at -4, the required 
downward force at B, necessary to hold the beam in placOi 
and F the required supporting force at (7. 



Ihen W=P-Wi; (1) 

alio PxCfB=WxAB, (2) 

and WixCB=WxAC (3) 

From (2) P=Wx^|; (4) 

from (3) Wi=Wx^ (5) 



From this we will proceed to ahow how to determine the 
ahearing stress BXid bending momsnisiib my given oroas section 
of the beam. 

19& Shearing Stress. — ^The shearing streas at any cross 
section of the beam AB (fig. 1, Plate XL), between tiliei 
points A and G is equal to the foroe P, while the shearing 
stress at any cross aection l^tween C, mi £ is equal to thei 
force Py Similarly, the shearing stress at any cross sectioa 
between A and C (fig. 2, Platiei XL) is equal to the load 
W; and that at any cross section between B and C is equal 
to the load Wj. 

The tendency of these shearing stresses is to rack or dis-. 
tort the beam; the rac^iig action upon the two parts of 
each beam into which the point C divides it being opposite in 
direction. 

If the beam is loaded at- severai points in its length, as-a^ 
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Cy D, E, F, etc (fig. 3y Plate XL,), and snpported at tlie 
ends as at and B, The magnitude of the resultant load ia 

Wi + W, + Wa + W4 + + We = say. 

Alflo 

W, x AX=WixAC+W,x AD+Wj,xAB+W4xA]r 
H-WgxAG+WexAH. 

Tiierefore 

A Y _ Wt X AC+W, X AD+W3 X AE X AF+Wg x AG +W< x AH 
^ = Wi+Wa+Wg+W^+Wg+We 

which giyes the point of application X of the resultant load. 
Henoe haying the roagnitade of YT^ and the distance of the 
point X ham ii or J^, we are able^ as before, to find the 
Talues of P;| and P,. 

We can now determine the shearing stress on any division 
of this beam, "^e shearing stress at any cross section in 
the division AO is equal to the force P^; that at any cross 
section in the divisum CD is *~ ^il ^ division in DE 
it is P| - - JF^ and so on* In general terms, the shear- 
mg siren o» amy ommon of this beam is the resultant qf the 
farees oeHng upon the beam between ihai division and either 
esBtremUy. It most be particularly noticed that to find this 
resultant the forces are distinguished as positive and native, 
according to their directum, so tiiat by their successive 
sobtrsction the shearing stresses at the different divisions are 
found one after another. In canying out this process, a 
point will at length be reached where the load is greater than 
the shearing stress <m the previous division, so that the shear- 
ing stress on the next division is negative Such a point is 
seen in X, fig. 3, Plate XL., the direction of the racking 
action being reversed thera The remaining shearing stresses 
are found by adding, instead of subtracting, the sucoesdve 
load% the stresses so -found being negative, or contrary in 
direction to the positive shearing stresses on the other side 
of tiie point X 

194. Bending Hdment — ^Besides the shearing action just 
alluded to^ the load upon a beam, supported each end, 
tends to bend it so that it assumes a convex form on the 
side towards which the direction of the load acts. For in- 
stance, the tendency of the beam, shown by fig. 1, Plate XL., 
is to beoome archfld in some sudi a manner as is shown by^ 
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the ticked line, the points A and B where the beam rests 
being, of course, fixed. Again, the beam shown by fig. 2, 
Plate XL., wliich is fixed at a point between two loads, 
bends in a contrary direction, the point C being stationary, 
and the convexity as shown by the ticked lines. In both 
cases the bending is produced by a drooping of the portions 
at which the loads are placed. 

The magnitude of the bending moment at any cross section 
of either end of the beam ia equal to the product of the force 
at that end of the beam, between which and the point C the 
section is situated, into the distance of the section from that 
end. For instance, the bending moment at any section D of 
the beam (fig. 1, Plate XL.) between A and C is equal to 
Fx AD. That at C is equal to Py. AC, which, as we already 
know, is equal to x BC, and that is consequently the 
maximum bending moment. It is important to notice here 
that this is the point of reverse racking, and where the 
shearing stress is zero. From what has been said it follows 
that the bending moments at A and B are zero. 

Referring to fig. 2, Plate XL., the bending moment at D 
is equal to Wx AD, and consequently the maximum bending 
moment is at C, where WxAC= W^x BC; also that the 
bending moments at A and B are zero. 

From these two cases it will be seen that the same results 
follow, both for shearing stresses and bending moments, 
whether the beam rests at each end, and is loaded at an 
intermediate point, or is loaded at each end and rests at an 
intermediate point; also that the direction of the convexity 
is always in that of the intermediate force. 

When the beam is loaded at several intermediate points, 
as in fig. 3, Plate XL., the bending moment at is zero, that 
at C is equal to x AC; at the point D it is P-^x AC + 
(jPj - JV^CD; also at the point E the bending moment is 
P^xAC + iP^- W^)CD + (P^ - - W^DE, and so on. At 
the point X where the shearing stress is zero, and the rack- 
ing force changes direction, the bending moment is at a 
maximum, for the same result is found as if we started from 
B. By starting from A, as above, and computing the bend- 
ing moment at B, we shall find it to be zero, in consequence 
of the shearing stress at viz., ~ ^2 
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all tlie snooeeding stresses being negMve, and X bemg the 
point wbeve iiie xeeoltant load acts. 

The geneial rule for calculating the bending moment at a 
cross section through any given loaded point of a beam is as 
follows: — Mvkiply each shearing stress by the length of the 
divisum on tohieh it acts, then the bending moment at any 
given loaded point is equal to the algebraical sum of the pro- 
duets corresponding to the divisions which lie between tJiat 
paint and either end of the beam, 

196. Numerical Example. — For the distances AC, CD, 
DE, EF, etc., in fig. 3, Plate XL., substitute the following 
lengths in feet, viz., 4, 4, 5, 6, 5, 3, aiid 3 feet respectively; 
also for TTj, W^, IKg, W^, etc., substitute in tons as follows: 
2, 5, 3, 4, 6, 1, respectively. (See fig. 4, Plate XL.) 

Taking moments about the extremities of the beam— 

P - ^x 34-6x6 + 4x11 + 3x17 + 5x22+2x26 

* 4+4+5+6+5+3+3 

3 + 36 + 44 + 51 + 110 + 52 296 
= 30 =^=9»toiis 

p _ 2x4+5x8+8xl8+4xl9-t-6x24+lxg7 

• 4+44-6+6+5+3+8 

S + 40 + 39 + 76 + 144 + 27 334 
= 30 = 3jf=llAt0M. 

^ ^= 2+5+3T4+6+I -f=^^^"^ 

334 -S34_ 

■**^"'2+5+3+4+6+l"" 21 ""^^^ »• 

Then for tlie sliearing stresses — tons. 

Shearing stress on diviaion ACp + 9^=;P^ 

Load at C7, - _2 

Shearing stress on division CDy + 7|f 

Load at D, - 5_ 

Shearing stress on division DE. + 2{i 

LoMla*< ^ 8 

i-ackiug action reTexsed at X. 

Shearing siieii on diviiioii SF, - ^ 

Loedati; ■ 4 

Sbeanng stress on divisum — 4^ 

Loadat (?, - 6 

Shearing stress on divuion OB, - 10^ 

Load aX Hy — 1 

Shearing atress on diviaion UB, - ll^=Py . 

4b 8 
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NEXT FOE THE BENDING MOMENTS AT THE • 

LOADED POINTS. 



PoinU 


Shearing Strm. 


liength of 
jJiTuion. 


Prodnete. 


Bending Homotte. 




tons. 


foot. 


oot-tous. 


foot-toiks. 


A 








0 






*4 




• • • 


G 












+ 714 


4 


+31^ 




D 








• ^ 1 » 


E 


+ 2U 

* X w 


5 


• * • 


• » • 


• • t 






85^ greatest 




- iV 


6 






V 

jt 


• • • 


• • • 










5 






G 


• « • 


••• 


• • • 








3 


-30 A 




H 




• • • 










3 


-33A 




B 


• « • 


• • • 


• • « 


0 



196. QrapMeal Bepresentatlon of Preceding.— Fig. 5, 
Plate XL., represents graphically the preceding results. The 
line AB represents the beam shown by figs. 3 and 4. C, D, 
JS, Fy eta, are the same loaded points, and loaded similarly 
to those shown by fig. 4. An ordinate of length equal to 
tons to some scale, drawn anywhere between the points A 
and C, represents the shearing stress on that division* 
Similarly, an ordinate representing to scale tons, may 
be drawn anywhere between G and j9, to indicate the shear- 
ing stress on any section of the division (7Z>, and so on. Be- 
tween E and F, the shearing stress having changed sign, the 
ordinate will be drawn on tiie opposite side of the line A B, 
and so we proceed until an ordinate of length equal to llfV 
tons to scale represents the shearing stress on any section of 
the division MB of the beam. By thus drawing an ordinate 
of the proper length at each extremity of each division, and 
joining the eactremities of the ordinates, we get a series of 
rectangles, as shown in the figure. It will be at once seen 
that the bending moment at any of the loaded points is equal 
to the algebraical sum of the areas of the rectangles between 
that point and eslber estremify of the beam, treating the 
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rectangles on one side of the line AB as positiTey and on €ke 
other side as negative. It is obvious that the areas of the 
rectangles on one side of the line are together eqnal to those 
on the other side. If we start £ix>m A and draw ordinates 
from the points C, D, E, F, G, and Hy each of which repre- 
sents to some scale the algebraical snm of the areas between 
that point and A, we shall find that the lengths of these 
ordinates are as found in the preceding Article, viz., 39^, 
70J^, 85yV, 84^, 63|f, and 33^ tons req)ectively. If 
we join the eztr^nities cf these ordinates with straight lines, 
we are able to determine the bending moment at any cross 
section between the loaded points, by drawing an ordinate 
from that section to the line joining the eactremities of the 
two adjacent ordinates, and measuring its length to the 
required scale. The reason we join &e extremities with 
straight lines, and do not pass a curve through them, is be- 
cause the bending moments vary between eacli ivaxt of loaded 
points in proportion to the distance from the point we start 
from, and thus the variation is indicated by a straight line. 

197. Distribnted Load. — ^We will now consider the more 
general case met with in actual practice, viz., that of a load 
distributed continuously over the whole length of the beam, 
the latter being supported, as before, at the two end& In 
considering the load in this case we will use its intemity^ i.e., 
the load in units of weight per unit of length of the span. 
This intensity varies continuously. 

In fig. 1, Plate XU., AB is the axis of the beam, sup- 
ported at A and B; this is supposed to be loaded continuously 
with loads of varying intensify. Ordinates are drawn repre- 
senting in length, to scale, the intensities of the loads at the 
points on the beam where the ordinates are situated, and a 
curve ADFB is drawn through the extremities of these 
ordinates. This line is termed the cwrve of loads. By 
calculating the area of the space enclosed by this curve and 
the line AB^ we have, to scale, the total load ^on the beam; 
also^ the area ADFEA represents to scale the total load on 
the length AE of the beam. 

To determine the eupporHng premires <U the eseiremUiee A 
and B: find first the position, longitudinally, of the centre 
of ^vity of the area ADFB} thus will give the point 
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which is the centre of gravity of all the loads on the beam. 
Havin«,', then, the total load and the position of its centre of 
gravity, wo know by the preceding iavestigations that tho 
upwurd pressiue F at the point A is 

p_WxGB 
AB ' 

and that r ^ = — jjT^ '^ • 

Kext^ to find the shcarimj stresses. — At the points and B 
draw ordinates AH and BJC in opposite directions, repre- 
senting to scale the magnitudes of the two supporting forces 
P and Py These are drawn in o|)posite directions, for, being 
the shearing stresses at the points A and they act in 
co!itr;iry directions, one being considered positive and the 
other negative. For the shearing stress at any point in the 
span, say C: measure by Simpson's Rule, as before, the area 
of the spacer ACD, and deduct the result from the value of P, 
the remainder will be the shearing stress at C. Calculate in 
a simi1:ir manner the shearing stresses at a sufficient number 
of other points in the span, and set off ordinates representing 
to scale tho magnitude of these stresses. At a certain point 
in the length these diflerences of the areas, starting from Ay 
will become zero and then negative. Pass a curve ALXK 
through the points so found; this is the curve of sJieamng 
Stresses, and is such that, by drawing ordinates to it from any 
point in the axis of the beam, the length of that ordinate is, 
to scale, the magnitude of the shearing stress on the cross 
section at that point. The point JT, where the curve of 
shearing stresses crosses the axis, is the point of i-everse 
racking which was explained in Art. 193. The direction 
of the racking force at any section is shown by the positioa 
of the ordinate, either above or below the axis AB. 

To find tJie bending moments. — The areas ^J/Xand BXK 
are, of coui-se, equal. Either of them represents to scale the 
magnitude of the bending moment at the point X, which is 
there at a maximum. The bending moment at any other 
cross section of the beam, say at C, is represented to scale by 
tho area of AIILC between that section and the extremity oaf 
the beam which is on the opposite side to it that X is. If 



DlffnttBtmsD LOAD AND Stt'PO&T* 



llie cross section is on the otber side of then the bending 
moment at that section is repreaented by the area of the space 
enclosed by an ordinate to the ciirvo of shearing stresses at 
that point and that portion of the cnrre and axis which 
is on the side of the ordinate nearest the extremity JB. By 
calculating the bending moments in this "way at a sufficient 
number of points on AB, and drawing from those points 
ordinates representing to scale the magnitudes of the bending 
moments, a curve drawn through the extremities of these 
ordinates is termed the curve of bending tnomentSf and is such 
that the bending moment at any cross section, say C, in the 
length of the beam is given to scale by the length of the 
ordinate CM to the curve of bending moments from that 
point. The maximum ordinate is, of course, that from the 
point X or OX, which represents to scale either of the equal 
areas AHX or BKX, 

19& Distributed Load and Support — The case now to 
be considered is not met with in any local connection or 
support in the ship, but is represented by the ship hei self 
when floating in ^e water. We consider it at this phice 
rather than in the next chapter, in consequence of the 
intimate relation which the investigation bears to that just 
gone through. The loads considered consist of the weight of 
the ship and her cargo and equipment, the intensities of which 
are found in units of weiglit per unit of length of the ship, 
say in tons per foot of length. These intensities in a 
merchant vessel vary with a tolerable approach to continuity 
thi'oughout the length of the ship. The supporting forces 
are de upward pressures of the water, their intensities 
being the displacements of the vessel in tons per foot of 
her length. Kight forward and aft the weights cairied 
are considerably in excess of the supporting pressures of the 
water. Proceeding towards midships the weights and pres- 
sures approach equality, after which the displa^ment per foot 
of length exceeds the weight, until about amidships a maxi* 
mum difference is obtained. From thence to aft the condi- 
tions are reversed, so that there are two points of maximum 
excess of weight over support, one point of maximum excess 
of support over weight, and two points where the difference is 
xera This is a common case ; of course, instances may occur, 
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as in an ironclad, where the differences are of another character* 
Tlie ditlerences of tlie intensities of weight and support hnvinc; 
hcen found at a sufficient number of points in the length of 
the beam, as we now consider it, these differences are set off 
as ordinates at the proper points, being drawn above or below 
the axis of t}ie beam according as the support is in excess of 
the wi'iglit or rice vprsa. A curv^e drawn through the ex- 
tremities of the ordinates is termed the curv6 of loads, (See 
CDEFG, fig. 2, Plate XLT.) 

We have now to consider the beam whose axis is AB sub- 
jected to the influence of loads throughout the whole of its 
length, which loads vary continuously in their intensities ; 
the intensity of the load at any point in its length being 
represented in magnitude by the length of the ordinate from 
the axis AB \o the curve of loads at that point. The direc- 
tion of tlie load, whether upward or downward, is represented 
by the position of the ordinate, whether above or below 
the axis. Tlic loads at the extremities A and B act down- 
ward, and are represented in magnitude by the ordinates A O 
and JiG respectively. At D and F the load is zero, and at 
X the load is in the form of an upward pressure whose 
magnitude is represented ))y the ordinate EX. 

As the ship is floating in equilibrium at a certain lino, tho 
sum of the upward forces must be equal to that of the down- 
ward forces; hence the areas of the figures AC D and FBG are 
togetht-'r e(pial to the area DEF. For the same reason the 
moments of the upward and downward forces about a trans- 
verse axis, through the jioints A or B, must be equal to each, 
other. In other words, the sum of the moments of the areas 
ACD and FBG about an ordinate through either A or B \vill 
be equal to the moment of the area DEF about that ordinate. 
Otherwise tho trim of the vessel would be altered. 

2''o find the shearing stress at any pointy we constnict 
a curve of shearing stresses from the curve of loads 
in tho following manner: — The area of the curve of loads 
between any point and an extremity of the axis AB is tho 
fihearing stress at that point; observing that portions of tho 
area above the line AB are considered positive, and those' 
below negative. For it will be observed that the beam is 
now supported at the points D and F, and therefore the 



Digitized by Google 



shearing stresseB are at a maxiTnuTO at those points, while 
their rackiiig actions are in contrary directions. Hence the 
shearing stress at the point D is equal to the algebraical snm 
of all the loads on either side of it; that is, equal to the area 
ACD, or, which is the same thing, the area I)JBF minus the 
area FOB. The ordinate Dff, representing to scale either of 
those areaa^ is therefore the shearing stress at the point D. 
Similarlj', the ordinate jPJT which is drawn equal, to scale, 
to either the area FGB or tiie area DBF minus the area 
AOJ), represents the shearing stress at the point F; being 
drawn below the axis to show that the radang action is ^ 
a oQntraxy direction to that at D. At the point X where 
the ordinate BX to the cvunre of loads cuts off an area I}BX 
eqnal to the area ADOf and the area BXF equal to the area 
FBG, the shearing stress is zera Also at the points A and 
B, where the area ACD + FBG- DBF =s zero, the shearing 
stresses are also zero. In this way, by constructing a suffi- 
cient number of ordinatcs, the curve of shearing Hressea 
AHJTXB is drawn, whereby &e shearing stress at any point 
in the length of the beam may be measured. 

To find the bend ing mameat <U any point, we proceed as 
follows: Measure the area between an ordinate to the curve 
of shearing stresses at that point and that end of the beam 
between which and the point X the given point is situated. 

The point X being the point of reverse racking, where the 
shearing stress is zero, is, as we have already shown, the 
point of maximum bendiiotf moment, the latter being equal 
to either of the areas AffXor BEX. The bending moment 
at any point 2> between Xand the extremity ^ is, as before 
equal to ^ area AED, and so on. Similar conditions hold 
good on the side of X towards the extremity B. By finding 
the bending moment in this way at a sufficient niunber of 
poxnts in the axis AB^ and setting up ordinates representing 
the results, to scale, a curve drawn through the extremities 
of the ordinates is termed the curve of bending mameni»p and 
is such that the bending moment at any intermediate point 
is found by measuring the length of the ordinate from that 
point to the curve. 

199. Algebraical expressioii fbr the preeeding.— Refer- 
ring to fig. 1, Plate XTjTT., AFC is a curve of loads, and AB 
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the axis of the beam. Consider an indefinitely short length 
dx of the beam, the load upon which is P, that is, P is the 
intensity of the load on a length dx; then the shearing 
stress on that sectioa or short length dx^ is represented by 
the expression— 

P= / Vdx (1) 

the limits of the integration being between A and the dis- 
tance from A to the section, along the axis AB» 

Hence (2) 

Again, referring to fig 2, on the same Plate, AB is the 
axia of the beam, as before, and AFO ib the curve of shear- 
ing stresses. Suppose the shearing stress on a seetion of the 
bcHun distant x firam tiie point A is F; also that the bending 
moment on that sectiim is JT. Then the bending moment 
on a section indefinitely near to it^ or at a distance xArdx 
from the point A, is ilf + dM, It is also equal to if + Fdx, 

Hence M + (2M=M + F(2x 
dM=Tdx 



- S=f (3) 

M= yFdx, (4) 

SOO, Bending MomoitB and Shearing Stresses tn 
various Modes of Loading, etc., considflrod Algebnieally. 

1. JB^amJixed ai <me end aofid loaded ai the ct^ 
find the sectional area necessary for the flanges of an 
I-shaped beam 20 fi long and 15 in. deep to support a ton 
weight at one of its ends, the other being fixed. 

Working stress : tension = 4 tons, compression = 2 tons. 

Figs. 3 and 4, Plate XLII., represent this beam : fig. 3 
being an elevation, and fig. 4 a section. Consider the equi- 
librium of a section at X, 

To preserve equilibrium there must be two equal forces 
T and // acting in the directions shown by the arrows; also 
a vertical force of 1 ton at the section. The horizontal 
forces are duo to the extensive and compressive effect of the 
bending moment^ while 1 ton is the uniform sh^ripg stress. 
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Let X he the distance in inches of the section X from the 
loaded extremity; 




When as=240 inches, 
T=^^=:16 tons of eztenaion; 

15 

also H = 16 tons of compression. 
But 4 tons is the working extensive stress per sq. inch, 
and 2 tons is the working compressive stress per sq. inch; 
16 

,•. ^=4 sq. inches area of CEFD, 
16 

and -^=8 sq. inches area of 6KLH. 

The web has to be simply strong enough to resist 

a shearing stress of 1 ton. 

2. Beam supported at its ends aiid loaded in the middle. 

A beam AB (see fig. 5, Plate XLII.) is supported at its 
ends and loaded in the middle with 10 tons, find the bend- 
ing moment and shearing stress at any point; also the 
maximum bending moment; the length of the beam being 
20 feet. 

Let AB = 2a. Consider any vertical section at X distant 
X from the middle point 0 of the beam. Taking moments 
about that point 

M=5(a - a), 

which increases as x diminishes^ and is therefore a maximum 

at a 

Hence M=:5a=:5 x 120=G00 inch tons. 

The shearing stress at any cross section between A and 0» 
and between B and 0 is 5 tons. 

3. Beam supported <U tfo ends and loaded uniformli/. 
Supposing the beam 20 feet long, as before, and the total 

load to be 10 tons. Hence the intensity of the load is ^ 
ton, the unit <j£ length being one inch. 

Consider the case generally, and then snbstitate the parti- 
oukr yalues. (See fig. 6> Plate XLTL) 

Let 2a= length of beam in inches; 
„ t&=: intensity of load. 
Shewing stress sAX=wa- to(a - 9) = F 
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Hence F is greatest at the points of su{)];ort where it is 
equal to t/?a, and diniinishea to zero at the extremities of the 
beam. For the bending moment at taking moments 
about that point, 

M=t«i(o - x) - - a:) ^ (rt - a-) 

= 2 =^(a«-»») 

to 

= 5(a-»)(a+»). 

The greatest bending moment is at the middle; 

lor M= -«*) is a maTimnm wbfln a;=0, 
InthateaM M=^=^xix 14400=300 ineh-ioiifl^ 

which is one-half the maximum bending moment when the 
whole load is concentrated at the middle, as shown by 
Exam]>le 2 in this Article. 

Without pursuing these investigations any farther, we 
will now state in a tabular form the values of M and F for 
beams imder various conditions, as given b/ Professor 
Hankine. 

201. Beams fixed at One End only, — x is the distance of 
the section from the fixed extremity, c is the length of the 
projecting part of the beam. 



Example. 


SuEARiNG Force F. 


Bei^dino Moment ?>I. 


Anywhere F. 


Greatest Fo' 


Anywhet^ M. 


Greatest H«. 


I. Loaded at ex- 
treme end with W 


-w 




-(c:-a;)W 


-cW 


11. Uuiform load of 


-w(c-a5) 




2 


- tcr* 
2 


HI. Uniform load 
of intensity to, md 

additional load at 
the extremt) end 

w„ 


-Wx-fo(c-«) 




-Wi(e-a:) 
2 





— ^Ihe negative signs indicate downward forcies and 
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distances measured to the right, while positive signs indicate 
upward forces and distances measured to the left. 

202. Beams supported at Both Ends— 2c being the total 
span and x the distance <£ the section from the middle point 
Oof the beam: — 



EXAHPLB. 


SUABOIO FOBOB F. 


Bbkbino HoaiBMT M. . 


Anywhere 


Greatest Ft 
. orFs. 


AnjwiierB H. 


Greatest Mo 
1 or He. 


ly. Single load W 
Bight of 0,... 


w 

2 

-W 


. W 
2 

W 
■* 2 


f (c-a)\V 
i 2 


Mo 


V. Single load W 
•ppl£Mlata^«... 

I^ift of •«•• 
Bight of a^... 


(c+Xs)W 


(c + Xa)W 


(c+Xj) (c-a;)W 


Wci-a-^)W 


2c 

~(c-X3)W 


2c 

-ic-x^)W 


2c 

(c-iCj) (c + x)W 


f 2c 
L = at Xg 


2c 


2c 


2c 


VI. Uniform load 
of Intensity uf,.. 


tOGB 


iOC 


io(c«-x*) 
2 





208. Bending Moment in tenne of Load and Length.— 
The maximum bending moment may be conTenienfiy ex- 

Fressed in terms of the total load W and unsupported length 
of a beam by means of a formula whose general form is-^ 



where 7n is a numeiical factor. 

For beams fixed at one end l = c; and for beams supported 
at both ends ^=2c = the span; for a uniform load )V^wL 
We then have the following values of the factor m: — 

I. Beam fixed at one end and loaded at the other.... a,,, 1 

II. Beam fixed at one end and loaded uniformly ^ 

IV. Beam supported at both ends and loaded in the middle... | 

y. Beam supported at both end8» loaded at Xm from ) , / , 4x1 \ 
themiddle 

TI. Beam supported at both ends, unifonnly loaded ) 
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204. Resistance to Bending. — The 'observed effect of a 
load upon a beam is a tendency to flexure or bending, the 
form of the curvature being governed by the form of the 
beam and the mode of loading it. If the beam is of uniform 
section, and is subjected to a uniform bending moment, not 
exceeding the limits of elasticity of the material, the curva- 
ture will closely approximate to that of an arc of a circle. 

Referring to Plate XLIII., fig. 1 represents a portion of a 
beam, a section of which is shown by fig. 2. Under the 
influence of a bending moment the beam assumes the form 
ahown by fig. 3.* In this state there is a tendency to 
rupture, at the upper part of the beam by an extensive stress, 
and at the lower part by a compressive stress. Consequently, 
between the upper and lower sides there must be some layer 
which is neither stretched nor compressed. This layer is called 
the neutral mrface^ and the line in which it cuts any trans- 
verse section of the beam is termed the neutral oasis of that 
section. Let NN, fig. 1, MyN^, fig. 3, be that neutral sur- 
faoe, and fig. 2^ the neutral axis. In fig. 1, ab and cd 

aie two transverse sections of the beam, and are thus parallel 
to each other. When the beam is bent, these sections stand 
in the directions a^^ and c^d^^ being still normal to the upper 
and lower edges of the beam. Produce Oi^^ and c^d^ to meet 
at the point 0, then 0 is the centre of curvature of the beam. 
We will now show that the neutral axis fig. 2, passes 

through the centre of gravity of the section. 

Consider the stress on a layer PP in fig. 1. When the beam 
is bent this layer assumes the form P^Pp ^® 
section of the beam in the line P4P2. If ^t^^ does not pass 
thfough the centre of gravity of the section, draw the hori- 
zontal line Sx passing through that point; we have now to 
show that SN^ — 0. The section being symmetrical, draw the 
middle line iSy, and consider it to be the axis of y, and the 
line jSiic to be the axis of x for rectangular co-ordinates: — 

Let SP2 = .y, 
and SN2=y; 

* The cttrvaiUM is poiposiely exaggerated in order that the flgmv 
nay be dMu; 
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Now, yi^i being the neutral surface, therefore - i^x^j 
is the extension of the layer FF. 
Call OJ^i (the radius of curvature of the beam) p 

f+y+y ' f y+y 

Let asthe extension of the layer PP per unit of length, 

and p=the intensity of the resistance of that layer to extension; 

also E= modulus of elasticity of the material cojuposing tiie beam. 

But P^Pi - NjNi is the actual extension; 
PiPi-NiNi = «XiNi = «NN. 

Again. Mi , £lPlzMl 

/ If+y E(y+y) 
and p= 5 (y+y). 

We have now to find the value of y + y. 
Now, the stress on & small element of the layer 

p may be here either positive or negative, i.e., either an 
extensive or a compressive stress. 
At the neutral axis 

y J'pdasdiy^Oi 

Henoe. J' (y+p)d!ax2y=0, 

find since y passes through the ceutrc of gravity of the section 

f y^Kfof^ysO also. 
Honoe^ J' ydxdy=iO; 

y y y dxdi/=0', y being a constant; 



or. 



iHiiob ihowi that SN„- 0; 
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and, therefore, the centre of gravity of the section is in the 
neutral axis. 

But|)=5(y+W, 
or ^ = 5. 

y f 

and this, as we have already explained, is independent of 
the sign of and is true, therefore, for layers above and 
below the neutral axis. 

Again, the stress upon a small element of a layer -^4^^ is 
as we have shown pdxdy, and its momenk about the axis of x 
through the centre of gravity of the section is 

pydxdy. 

Let if«B the whole moment of the layer about that axis, 
■ then y y pydsBdy 

33ut y y y^(lxdy = moment of inertia of a transverse section 
of the beam about the axis of x. 

Let this be termed L 

Similarly, 

My = pxdsody 

But y y xjjdxJij is the product of inertia of the section about 

the axis of x and y. 

Denote this by K, 
In fi^. 4, let SE represent ^apbicall^r the momeut ineriw 
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Mg, and SL represent then 8K represents the directioa 
and magnitade of the resultant moment 

Let M=thiB regn ltant mo mcn^ . 
thenM=^/M;+M; 

Hence ? = ^ « 5 

alflo ian#= ~ gives the direction of the resultant axis SE. 

When the stress is perpendicular, or in the line of the axis of 
2/, as is the usual case, then K=0, or, in other words, there" 
is no tendency to bend the beam other than in a vertical plane ; 

. p M E 

Tlie stress on any layer of a beam maybe calculated when 
its bending moment and the dimenaions and shape of the 
section are known by one of these equations, viz.: — 

y I' 

and by the otiier P 

we are able to determine the radius of ouryature when the 

modulus of elasticity is also known. 

205. Specimen Calculations. — I. Consider the case of a 

beam of rectangular section, as in fig. 7, Plate XLU., under 

the influence of a bending moment if, to find the stress on 

any particle F distant FN from the neuta^ axis. 

Let A = area of the 8ectioD« 
M ^=its depth, 

80 that ^ is the breadth. 

LetPN=y, 
Ah* 

then I=-|2' * 

Now, amce - = 

. p mi 
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Suppose A = 6 inches and .4 = 12 square inches, so that the 

beam is 2 inches thick; also, take J/ at 12 foot-tons = 144 

inch-tons, and consider the point F at the upper side of the 

h 

beam, and therefore ^ 3. 

12x144x3 

which is the tensile stress per square inch at the upper side 
of tlie beam. The section being rectangular, and thei^efore 
syiiimetrical about the neutral axis, the compressive stress 
per square inch at the under side of the beam is also 12 tons. 
Equation (A) shows that the value of p varies with the dis- 
tance of F from the neutral axis. 

II. Find the minimum radius of curvature of a bar whose 
section is 2 inches square, the stress being restricted to 9000 
lbs. per square inch, and ^ = 24,000,000. 

Here p=9000 
241 



miiiiiiii 



9000=r- 



iiiiiii ill 



and ^s2666|ui.=222 a2thL, 

which is the radius of curvature of the beam. 

N.R — In the preeeding irmiHgaUoM U has been oeeuitMd 
that the beam %8 bent m the are o/acirele; thie is true only 
when the troAeveree dmeneUme are emaU compared with the 
length. It i» oho true only in this ease ^ to the UmUs of 
ekuUdty of the material, beyond this the aeetmption is merely 
approximate^ 

III. What must be the diameter of a ciiciilar bar 10 feet 
long, supported at both ends^ and loaded at the middle, to 
cany a load of 314 tons; the greatest stress not to exceed 4 
tons per square iniSk f 
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In this case the greatest bending moment is^ 

M=?l^^xl2 (see Art. 203.) 

Now ^z=:^ 

V I 
31^x10x12 

r »r* 

r= V300=6'7 inches. 

j80& Beam of Indiaped Section. — In the preceding 

examples of the application of the formnliB for finding the 
intensities of the stresses on seotioiis of beams when loaded, 
also for determing their radii of curvature, we have chosen 
simple cases wherein the value of I is readily computed. 
Sudi examples as the forgoing do not occur frequently in 
actual pracdoe^ tcx the simple reason that the material in 
them would not be economically distributed. For as the 
stress is greatest at the greatest distance from the neutral 
axisy and is nothing at ^t axis, it is evident that with a 
given quantity of material, we should so form the section of 
the beam as to provide the greatest resistance where the 
greatest stress will occur. Besides this, in order to ensure 
that the beam shall bend in the direction of the bending 
moment^ and not buckle or twist in such a way as to impair 
its eflSciency, it is desirable to so dispose the material as to 
give sufficient lateral stiffiiess, and place the stiffening parts 
where they will also afford resistance to the greatest teiksile 
and compressive forces. Also should the material be such as 
to offer different resistances to tensile and compressive stresses, 
the parts of the beam should be so disposed as to make the 
intensities of these stresses, as nearly as possible, uniform. 
Hence the I-shaped section in one or other of its modifica- 
tions is that generally adqpted for beams. The vertical 
portion of the beam is termed the traft, and the two horizsontal 
parts are known as the upper and lower JUmges. Sometimes 
the beam is rolled in one piece, or welded in the form shown; 
bnt when its depth is ooncdderable^ the beam is made 
4b t 
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of a plate web, and double angle-irons at the upper and 
lower edges. Beams of sufficient strength, and very con- 
venient form for ships, are made thus (see fig. 13), with a 

— - ■ bulb -shaped lower edge; 
I these are known as T-bulhy 
|L P^^^'^l^ angle-iron, 
^ and angle-hulb beams. The 
flanges are formed at the 
^ upper edges to receive the 

Fig. 13. fastenings of the deck, and 

the bulb at the lower edge is foimd to be sufficient to provide 
the ncccssaiy Literal stiffness at that part, and at the same time 
give, \vitli the flanges, enough substance to the beam to resist 
the extensive or compressive stresses to which it is subjected. 

Specimen calculation for I-shaped beam. — 1. Consider the case 
of a beam having the two flanges equal (see fig. 8^ Plate XLU.). 

Let A = area of section of each flange^ 
C = area of section of web, 
„ A=di8taiioe from centre to centre of ^mges. 

Since the flanges are equal, the neutral axis of the section 

is midway between iihem, or at a distance of ^ fiom the 
oentre of either. 

Ah* 

Moment of inertia of upper flange about neutral axis=-^ 

lower 



ft 99 wwv* „ 

II 99 web „ I, 



4 

' 12 



But — =7- 

Let/=the worldng intensity of stress for the material in 
{he beam— then »=/ 

and 2/=2» 
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And bj Bttbstituting the Tallies of hy /, and in^ any 
purtioiilar case, the working bending moment can be obtaineoL 
2. Consider the case in which the flanges are not equal 
(see %. 9, Plate XLIL)— 

Let Asarea of oeotiini of upper flaiige^ 

B=: „ „ lower „ 
„ C= „ „ web 



We must first find tiie position of the nentral 

Let yi — distance of neutral axis from centre of £, 

f» y%— i» t» •» . - « 

„ A +y|=diBtaaoe between centres of A and BL 



Taking moments about the neutral 

(h \ 

or Ay,+0 (^)=Bi^j. 

Then B=KA+J(K-1}0 (1) 

By the aid of this equation we are able to airange the 
jK>rti<^ of the section so that the neutral axis may be in 
any required position; that position being governed by the 
relative conipressiTe fuid extensiye resistances ofifoKod by the 
material ^ 

Next, let and /( be the intensities of the working 
stresses which the material is able to bear in the lower and 
upper ilangesi rei^)ectiTely, 

then f^J^ 
and fj^ = Kft 
But 

y I 

• •. M=/,(1+K)i (2) 
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■n 


im 





le moment of inertia of a tiansvene 
sectioiiof ihebeamaboQttlieneatralazi& Thiaisevidentlj 



I 



J(l + K)'' (1 + K)^ 12 4V1+K/ S 



Sabrtitating the yalue of B given in equation (1), and then 
Bubrtitating this valne of I in equation (2), we have after 
reduction 

M=/.*{AK+i{2K - 1)0} (3) 

Numerical eosamples. — 1. The web of an I-beam is of the 
same area as the smaller flange; what should be the pro- 
portion between the flangee^ in order that the intensLties of 
the BtreeaeB upon them may be aa 4 : 1? 

By equation (1) 

in this case, 

K=4 
C=A 

2. Find the dimensions of a T wrought-iron beam 20 leet 
long, and 10 inches deep to support a load of 2 tons at the 
middle; the working intensities of streaa being 3 tons for 
oompreaaion and 5 tona for exten8ion« 

Here K=f, 

, ^ WZ 2 x 240 , ^ 

also M = = — — =120 mch tons. 

^ut by equation (3) — 

^ M=:/,/i{AK+i(2K-l)C} 
In this case — 

A=0 
/b=3 ^ 
/A=6ai>dA=:]0; 
• 120=8xlO{«V-l)C} 
whenoe 0= V = i^ H* hushes. 
By equation (1)— 

B=KA+i(K-l)0 
sz^O=^ sq. inohei. 
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3. Find the maximum load which a wrought-iron beam of 
I-shaped section will support when uniformly distributed; 
the length of the beam being 10 feet; the area of each flange 
being 6 square inches — that of the web 4 square inches, 
and the depth from centre to centre of flange being 6 . 
inches. 

Here M=:^'=12»W i,eh ton* 

where A=B=6 square inches, 
C=4 square inches, 
As=6iii6h68. 

Hence 1=1^ +1^=108 +12=120 
2 12 

120W 
• • y~ 120 8 

the value of ^ for wrongbiriniii Is 36^000 

36000 _W 
3 "8 

W=06,000pouads=43 tons nearly. 

4. Find the maximiim load in the above caae when the 
area of eaeh flange is 3 square inches. Ant. 52,800 lbs. 

207. The Deflections of Beams. — The expression 

whereby the deflection or curvature of a beam when loaded 
may be calculated has been already obtained; we will now 
show how this expression is applied. As previously stated, 
the ezpressioii ii only true when the corvatoxe of the beam 
is that of a iiicnlar arc^ and is approximately true when the 
enrvataie is not quite dioular. 

Lei AB^ in fig. 1, Plate XTiTV., k the axis of a beam, 
wMeh is supposSt to bs Jixed ai A and loaded ai B wUh a 
wight W, Under these ciicamstanoes the centre line, or 
locos <tf the neatral axis AB assumes the curvature shown 
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by ABy Consider any paiiit F In AB^ and drair PN per- 
pendicular to it 

Let A be the origin of oo-ordiiiatet. 

,, AN=a;. 

Since p is the radius of curyature of the are AB^ 

1 <fe> 



Now if p be very great^ as it usually is, then the inclina- 
tion of the tangent to the aro is vecj small; hence ^=0. 

But €=^=E 

. 1_ M 
f £.1' 

hence 

cfo* E.I 

Kow at the point P 

M=WxBN 
=W(a-.a;) 

where a = AB 

. M _ \V(a-a; ) 

• • (ia:«"7~E.I" E.I 

Integrating) we have 

^_w(ax-|) 
cfe" E.I 

There is no constant in the integration, for when ass a 

^ = 0. Making a; = a, and calling ^ = tan i = i in the limit, 
where i represents ^ deflection of tiie beam, we have 

irencc the incliii;iiioii or deflection varies as a'-, or as the 
S(j[Luire of the diiitaiic© of the point P from A» For the 
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actual depression of the beam at auj pointy integrating 
again 

^~ E.I 

Again there is no constant, as the curve passes through 
the origin as before. 

Malang x = a we have for the depression at the loaded 
extremity of the beam 

which varies as the cube of the distance from BtoA. 

Next, suppose the beam to he haded uniformly and sup- 
ported ai its ends, as in fig. 2, Plate XLIY. The same equa- 
tions hold, and the origin is now at the centre of the beam. 

But in this case 

M=iw(a' ~x^), where w is the intensity of the load; 

Integrating — 

which gives the slope of the beam at any point. 
The second integration gives 



y~ E.I 

When x=a 



yext suppose ^ beam Jlosed <U both ends, and loaded 
untformlyf as in fig. 3, Plate XLIY. In this case there are 
two points of contrary flexure in the beam as at C,0* ^ At 
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these points p = co hence Jf= 0, and the condition of the 
middle of the lieam is the same as if the beam were sup- 
ported at tlie points CC, Take 0, the centre of the beam, 
as the origin. Let 00 = r. Then the bending moment at 
the point 0 is 

To find the deflection of the beam we must substitute this 
value in the equation 

ito«"B.I 

and integrate as before. 

dx~ E.I 
and when x=r 

But r is an imknown quantity. 

Now, when x = a, or when the point is at the extremit/ 
of the beam 

then ^=0 
ax 

for the beam is horizontal at A and B. 

lArl r-x - I 

\ 3/ 



doT £.1 

— n — 

a 



BatM:=)i0(r*-««) 
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Proceeding by the same process as before we are able to 
obtain both the depression and the deflection ; for 

<fa«~B.I~ KI 



dy 



dx~ £.1 

when x= 
or 



x=a) ^ f 0 as before, the beam being horizontal at 

«= 0 ( I B, and O. 

When «=? then ^= - - = f ^^F"]^ ""1^^% inclination at i 

2 8E.I * the length of the beam. 

® to a* ( the tangent of the inclinatioii 
di=9jl;Ki= \ •* a»e points CO. 

Again, ainoe i Ja*a a*\ 



_Kl5— 12) 



• KIT- 
When x=a 

^~i2E.r. 



208. EzAMPLB 1.— Find the deflection of a wioughtriron 
bar whose section is one inch square, and whose length is 10 
feet, when under its own wei^^t; ibB wei^t of wronght-iron 
being 480 lbs. per cubic foot^ and the modulus of elasticity 
29,000,000; the bar being supported at its ends. (See fig. 2, 
PlateXLIV.) \ o , 

d^i/_ M 



d« E.I 



^~ ST" 

when x=a 
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In the fovmuig^ 

a = OB = 60 inches 

480 5 

i0=tlM we^t of 1 cable inch of ^'^^X728~18 
E=29,000,00aib8. 

_ 5 X A X 12,960,000 
24 X 29,000,000 XiV~ 

which is the deflection when F ia a,t B, that is, the greatest 
deflection of the beam. 

For the inclination of the beam, substitute a = 60 inches in 
the equation for tan i, 

then tan »=^gj 

^ ir-^ !^M^^^S^ , = 008= tangent of the inclination of the beam 
3 X 29,000,000 X A ^ or ^ to be hori«mtaL 

Having solved the problem, we will briefly notice one or 
two particulars of interest with reference to the question — 

The deflection is |^~|* 

» M itiw" . . 
Now ^=-=-=i— in this case, 
y I 1 

Let the greatest stress in a section of this beam be termed 
/; and for y write gh; where j^r is a certain fractbn (for in- 
stance g = l in ab«un of symxnetncal sectioQ)|aiid ii»de^ 
of the beam, 

then £ = 4=^-^ 
y gh I 

21/ 
a*gh 



Bat deflections ;r,vr?> 
24E. I 

or, say, a= 



d _ Bf a 
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Now /, g, and E are given quantities for any beam. It 
is thus seen that beams having a given ratio of deflection to 
span have also a corresponding ratio of depth to span, and vice 
versa. Hence in designing a beam for a uniform load, as 
in this case, we should choose such a ratio of depth to spaa 
as would give the necessary stiffness. 

Example 2. — A bar of cast-iron whose section is 1 inch 
square, and which is 54 inches long, is loaded in the middle 
with a weight of 336 lbs., the deflection was found to be 
1*27 inches; find the modulus of elasticity of the bar. 

M=iW(a-a;) 
d'^y_ M __ ^W(a-a;) • 

dot E.I 



E.I 



when »=a y=6ET=«^» 
fiat yi=l-27; 

also W=336, 
and I=tV» 

336x27» 336x27» 



1-27= 



6 X i£ 



B=-J.^~ = 10,414,944 lbs. 

By actual eaqieriment in the above case it was found that 
the breaking load of the bar was 508 lbs., hence the trial 
load was two-thirds of tiie breaking load. This accounts 
for the low value of the modulus, the average value for 
cast-iron being ITyOOO^OOO. It ought not to have been 
tried beyond a load of 100 lbs., and then the modulus would 
have been much greater. 

Si09.^ Strength of Bent Pillazs.— The cases we are about 
to consider are such as davits, catheads, etc., which are sub* 
jected to a compound stress resulting from a compressive 
force and a bending moment. 
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till 



1. Take the caae of a bar bent into two anas at right 
angles to each other, one of which is fixed upiight^ and the 
other is therefore horizontal, the latter supporting a weight 
at its extremity (see fig. 4, Plate XLIV.). 

Let A be the area of a section of the upright bar at P, 
and let h be the length of the horizontal arm, W being the 
weight at its extremity. 

The intensity p of the compressive force at jP is 

W 

^= A' 

and the .bending moment ia 

M=W& 

This bending moment produoeB a stress whose iniensiiy 

at any point distant y from the neutral axis of the section. 

Thus the total efibct of the load is the sum of these in* 
dividaal efifectSy and the actual intensity of the stress is 

W. W6y 

and the dimensions of the post are made such that|i shall 
not exceed a given amount. 

If we consider the bending moment constant, the bar will 
be bent into an arc of a circle (see fig. 6, Plate XLTV.). 
Draw through the point IfF£ peipendicular to AJ!f. 
Then 

when FN^ is very small compared w ith F£^, or when FK is 
nearly equal to B^C^. 

When compression and bending are combined with ex- 
tension. 

where H is the thmst on the pillar^ and if is the bending 
moment^ either oompresslTe or extensive^ at the point oon- 
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Suppose the upright post to have a squaie section whose 
side IS h, tbea 

W My 
^= A +T 
_ W Wbjh 

henoe W = -^ai 

tnm which equation, if /> is giveD| and h and b known^ the 
load W can be determined. 

Next, for the stress at any point in the transvei*so sectiou 
of bent bai' (see fig. 6, Plate XLIV.), 

H ^ My 

Now H = W sin ^; 

_ W sin # . My 
P — - -jf 

from which p is found by substitution, as before. When tho 

stress is calculated for the compressed side of the bar, the 

positive sign is used, and vice versa. 

210. Twisting Moments. — Moments of this kind have to 

be resisted by rudder heads, crank shafts, eta 

"The twining moment, or moment of torsion, applied to a bar, ia 
the moment of a pair of equal and opposite couples applied to two 
cross sectioDS of the bar, in planes perpendicular to the axis of the 
Imt, sad tending to mike the portum of the bar between the eroaa 
Bections rotate in opposite direotions aboat that axis." * 

As the bar is nnifonn in figure, and the twisting moment 
is likewise uniform, the stxeeses on all cross sections of the 
bar are the same; also, if the bar is a circular cylinder, the 
stresses on all the particles at the same distance from the axis 
of the bar are the same. 

In the bar shown by fig. 7, Plate XLTV. (where the two 
opposite couples are shown), suppose (7 to be one side of a 
circular layer of an infinitely small thickness dx. The twist- 
ing moment causes the material in one face of the layer to bo 

* Bankinc'a Applied Mechamcs, p. 353* 
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twisted through a small angle compared with the material ia 
the other face. Let di be this angle. Consider two particles, 
one on each surface, at the same distance r from the axis of 
ihf cylinder, which points were originally opposite to each 
other; then the twisting moment causes them to be shifted 
from each other through a distance r.di. Hence the material 
in the layer between these two points is in a state of distor- 
tion in a plane perpendicular to the radius r. 
This distortion may be ex pi O BB o d tkras— 

and S varies proportionallj to the distance of the particle 
from the axis. Aere is thus a shearing stress at eadi point 
of the cross section at 0, whose direction is perpendicokr to 
the radios^ and whose intensity is proportional to the distance 
of the point from the asds. 

I^t a ^^thU^hearmg stress, 

To determme the strength of such a bar or axle let p = the 
intensity of the shearing stress which the material of the bar 
is able to resist. This value may be either the idtimate 
resistance y froof resistance, or icorJcing resistance ^ according as 
the bar is to broken, tested, or used for working. 

Let = the external radius of the bar, then^ is the value 
of ^ at the distance r-^ from the axis; or 

f - *i 

pr 

g = — . 

n 

Conceive the cross aectioii (7 to be divided into nanow 
concentric rings, the breadth of each being iir. Let r be the 
meanra^MMof one of these rings, then its areas 2«nlr. The 
shearing stress is equal to 

* E is the co-efficient of transverse elasticity; its value for wroupfht- 
iron is about 9,000,000 lbs. per square inch, whUe for cast-iron it is 
about 2,800,00aibs., and for brass about 5,300,000 lbs. 
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and the leverage of tLis stress relati\'ely to the axis of the 
cylinder is r. Hence the moment of the stress in this ring 
is equal to 

and the momeot of the stress on the whole section 



= ^'= moment of toxrion. 

If the bar or axle is hollow, being the radhis of the hollow, 
the integration will be between the limits 

r—rp and r—iw 

Substituting the value of tt, and expressing the dimensions 
in terma of the diameteiB and — 

For a solid axle M^^fj. 

For a hollow axle M= ^^l\"'/^l 
The following are working values of jE> : — 

For cast-iron, 5000 lbs. per sc^unro inch. 

Forwzooght-iioii, 9000 lbs. „ 
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CHAPTEit VIIL 

STRUCTURAL STRENGTH. 

Still Water Stresses— Curve of Buoyancy — Of Weight of Hull — 
Of Ladiiig--Of Weiriitt— Of LomIs— Of Shearing StresM— Of 

Bending Moments — Sieisses among Waves — Curve of Buoyancy* 
— Of Shearing Stresses and Bending Moments — Table of certain 
Maximum Bending Moments and Shearing Stresses — Application 
of preceding Results — Neutral Axis of a Ship — Equivalent Girder 
^Moment of Inertia of a Section — Specimen Calculation — Mr. 
John's InTortigatioiuu 

SU. 8tni0tiixal Strength of Ships.— Having oonmdered 
the oonditioiiB of streas and strain of the several eomponenta 
of a ship's hull, we will now devote our attention to tiie ship 
as a whole, and eTamine the nature of the stresses to which 
she is subjected both in still water and when among waves 
of her own lengtL In each case we assume the ship to be 
floating in a state of equilibrium, so that the v<dume of dis*' 
placement represents a weight of water equal to ti^t of tiie 

fL Still Water Stresses.— Commencing, then, with the 
stresses which a ship has to resist when floa&g in still water. 
It will be readilj seen that, although the weight of water dis- 
placed is equal to that of the ship and her contents, it by no 
means follows that this equality exists, in regard to the portion 
of the displacement and of the ship between any two transverse 
sections. Indeed, the contrary is the case ; for at amidships 
the weight of water displaced by a given length of the ship 
is usually considerably in excess of the weights of that por- 
tion of the vessel and her contents. Consequently, at the 
extremities the weight of a certain length exceeds the dis- 
l^lacoment of that length. Between the part or pai*ts of the 
vessel in which there is excess of buoyancy over weight, and 
the part or parts in which the weight exceeds the buoyancy, 
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there are evidently sections of the ship at which the two are 
equal, and these are termed water-borne sections. It will 
thus be seen that a ship having two such water-borne sec- 
tions, viz., one at each extremity of a certain length of the 
midship body, is in the condition of a beam supported at two 
points and subjected to vertical forces, those between the 
points being upward, and those on the other side of the points 
being downward. We have thus to consider a ship in the 
character of a beam loaded and supported in different ways, 
according to the form of the vessel and the arrangement of 
her stowage, or nature of her construction. We shall neglect 
all local considemtions, and regard the materials of the ship 
as being combined in a proper manner, considering only the 
anrangement of the material and the acantlings employed, in 
order to diaoover whether these are sufficient to wiUistand 
the stresses whose intensities we shall calculate. 

In Vols. I. and IL of Naval Science * will be found the 
results of calculations of this kind, made upon certain of Her 
Majesty's ships selected as types of classes. These were 
calculated at the Admiralty; and having been published by 
Mr. Beed, after having been read before the Koyal Sooietyy 
we are enabled to refer to them in this work. 

The resultant forces acting upon the vessel are the differ- 
enoes of two sets; one of which — ^the forces due to the 
buqjrancy of the ship — acts upwardSi and the other, due to 
the weight of the veaael, her engines, and lading, acts down- 
wards. The differences of these forces are at some parts of 
the ahip^ length poaitiTe, i.e.y the downward forces are in 
; and at other parts the differences are negative, t.6., 
the upward forces predominate. Again, at the water-borne 
sections the two are equal, as already mentioned. 

The geometrical method, or method by curves, as explained 
in Articles 197, ei seq., of the last chapter, is adopted in 
these calculations. 

fll& Curve of Buoyancy. — ^This is the first and the most 
readily obtained curve. The ship's length is divided into 
intend about 20 feet apart, and the areas of the' cross 
sections of these, as high as the load water-line, are calculated. 
These areas may be readily obtained from the ordinary dis- 
♦ Edited by E.J, Beed, CB., and Dr. Woolky. 
4b u 
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placement sheet, taking the sections at the ordinates used in 
that calculation. Considering these sections as the sides of 
slices 1 foot in thickness, the displacement of each slice is at 
once obtained in tons by dividing its area by 35. These results 
are set u]) to scale as ordinates, to a base line representing 
the length of the ship on a convenient scale, say one quarter 
of an inch to a foot, and at the positions of the respective 
sections. A curve passed through the extremities of these 
ordinates is the curve of buoyancy. Such curves are denoted 
by the letters DD, etc., in figs. 1, 2, 3, and 4, Plate XLV., 
which show the curves of buoyancy for H.M. ships Mino- 
taur^ Victoria and Albert y Belleroplion, and Audacious. It 
is hardly necessary to say that the areas of these curves, 
allowing for the scale of the drawing, is the displacement of 
the ship. In other words, the curve of buoyancy is a curve 
of sectional areas, or a scale of displacement constructed from 
vertical instead of horizontal areas. (See Art, 38.) 

S14. Curve of Weight of Hull. — We next construct a 
curve of weighs of hull. This is obtained by aid of the 
calculation explained at Art. 124. The weights of frame 
space lengths of the hull, at intervala of about the same dis- 
tance apart as those used for the carve of buoyancy, axe ob- 
tained, including the fi-ames, beams, propoii^ion of carlinga, a 
frame space length of bottom plating, deck plating, stringers, 
deck flats, bulkheads, internal fittings, etc. These xesults 
are set up as ordinates on the same s^e as the displacement 
ordinates, and from a base line of the same length as before. 
When armour is used in the construction of the ship in the 
form of batteries or bulkheads, it is necessary to set off the 
-weights of the latter in the form of rectangles whose bases 
are equal to scale, to the lengths of the ship upon which the 
armour is placed, taking care to place them in their coraect 
positions. It will frequently be impossible to pass a con- 
tinuous curve through &e extremities of the ordinates of the 
hull and the upper ddes of these rectangles, in which case the 
curve must pass so as to include areas outdde the rectan^^ 
equal to the areas lost by the curve being within the xect- 
tangles; taking care that the moments the area of the 
curve about the base line and any ordinate are^ respectively^ 
tiie same as the moments of the curve of the hidl proper 
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added to those of tiie rectangles about the base and thai ordi- 
nate. (See the corves of weights of hull of the BdhrojAon 
and AudacwuB, marked hj iihe letters ffffff etc, in figs. 3 and 
4 of Plate XLY.) The pcants, PP, and the curve in the 
vicinity of these points, indicate what we mean by the pre* 
ceding explanation, it being remembered that there are 
armonr-plated bnlldieads and central batteiies at those pod* 
tions in the two ships. As there are nsnally greater disoon* 
tinnities in the weights of the equipment and lading than in 
the weight of hull, and as the two curves of hull and contents 
are added together to obtain the ewrve of weights, it is desuv 
able not to draw a curve such as Hff, but add the ordinates 
and rectangles representiug the hull to the ordinates and 
rectangles representing the weights of the equipment, etc., 
and tiien draw a curve in the manner already explained, 
which will be the eurve of weighU, (See Art, 216.) 

216. Oorro of Lading. — The weights of equipment, etc., 
carried by a ship, are very irregularly disteibuted as regards 
their intensity, and it is therefore impossible to consider the 
ship divided into hlooks of a fixed length in determining a 
curve which shall represent in effect the distnbntion of these 
weights. Sometimes, as in the case of coal in a coal bunker, 
we have a heavy load occupying a length of about 100 feet ; 
and again we have another heavy weight, as the chain cable 
in a locker, resting upon a very small length of the vessel. 
Hence, before constructing a curve of lading or ctirve of 
equipment, we must build upon the base line a series of 
rectangles, often one upon another, representing to scale the 
several weights carried in the sliip in the foi-m of engines, 
boilei-s, coals, stores, etc., and with brises equal to the lengths 
of the ship which they sevemlly occupy, all being in their 
accurate position longitudinally. As already stated, it is 
desirable to add to these the ordinates reproscntini:, to the 
same scale, the weight of hull, and then draw a curve to 
represent the same statical effect a.s the diaf^ram thus pro- 
duced. The same method is adopted in drawing the curve 
as was described in the last Article. Great care must be 
taken to insure that the ai*ea of the space inclosed by the 
curve is the same as that of the space bounded by the limit- 
ing lines gf the rectangles; also that the momenta of the 
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two are alikei both about any ordinate and about the baae 

line. 

216. Carve of Weights. — The cuire just produced is termed 
the curve of weights^ and its area is equal to the total weight 
of ship and contents, and therefore equal to the area of the 
curve of buoyancy. A n ordinate of this curve, at any position 
in the length of the b^se, represents to scale the weight of a 
foot long of the hull and contents at that part of the vessel. 
Tliese cnn cs are marked W Wj etc., in figs. 1, 2, 3, and 4 of 
Plate XLY. It will be noticed that these curves are drawn 
on the same side of the base as the curve of buoyancy, although 
the forces act in opposite directions. This is of no moment 
at present, and is merely done to ahov that the area of the 
curved space bounded by DD, eta, is equal to that bounded 
by WW^ etc. Moreover, it should be remarked that, as each of 
the vesselB is floating in equilibrium, the centres of gravity 
of these two corves for each ship inll be en the same 
ordinate. 

317. Onrve of Load& — This curve shows the total result- 
ant force acting upon the vessel, the ordinate of it at any 
point in the length being, to s^e, equal to the load per 
foot in length of the ship at that point, and its directioii 
shows the eharaoter of the load, t.e., whether upward or 
downward. The curve is obtained in tiie following manner : 
— The difference between the ordinate of the curve of buoy- 
ancy and that of the curve of weights at any point in the 
length of the vessel is set off as an ordinate of the curve of 
loads ; if the ordinate of the curve of buoyanqy is in excess, 
then the ordinate is measured upward, and wee versa. Figs. 
1, 2, 3, and 4, Plate XLVL, show the curves of loads, 
marked LLL^ etc., of the Minotaur, Victoria and AUtert, 
BeUerophoUy and Audacious. In the case of the second- 
named vessel (see fig. 2) this curve, commencing at the 
bow A, is below the axis AB, showing that the weights 
at tLat portion of the vessel arc in excess of the buoyancy. 
The curve crosses the axis at R^^ where there is a water- 
borne section, and tluis no load. Between R^ and R^ 
the curve is above the axis, showing that the buoyancy is 
there in excess of the weights ; at R^ there is another water- 
borne section. It will be observed that the curve of loads 
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Crosses the axis four times in all. The same remarks hold 
good with regard to figs. 3 and 4, but the curve of loads in 
the Minotaur (fig. 1) only crosses the axis twice. 

As the ships are all floating in equilibrium, the sum of the 
upward forces is equal to that of the downward forces ; hence 
the total area inclosed by the several loops of the curve of 
loads above the line AB is equal to the total area of the 
loops belo%v that line. Again, the common centre of gravity 
of all the loo])s is in the same ordinate as contains the centre 
of gravity and centre of buoyancy of the ship. The effect of 
the armoured bulkheads and battery of the Audacious is 
clearly shown in the curv^e of loads of that vessel (fig. 4) by 
the form of the centre loop below the axis, which indicat«5i 
heavy weic^hts centred at two points. 

218. Curve of Shearing Stresses. — (See FFF, etc., figs. 
1, 2, 3, and 4, Plate XLVI.) The curve of loads just 
described .shows the manner in which the ship, considered as 
a beam, is loaded and supported. In figs. 2, 3, and 4 we 
have four points of support, and in fig. 1 we see two points 
of support Starting, then, with the beam loaded in the 
manner shown by such a curve, we will proceed to construct 
a curve, the ordinate of which, at any point, shall be a 
measure of the shearing stress at that point, and shall also 
show the relative direction of tliat stress. 

As was shown in Art. 193, the mnximum intensities of the 
shearing stress are always found at the points of support. 
Also, in the same Art., it was shown that the shearing 
stress on any division of a beam so loaded is the resultant 
of the forces acting upon the beam between that division and 
either extremity. It was also explained that this shearing 
stress is the algebraical sum of all the forces acting upon the 
beam between that point and either extremily, the forces 
being distinguished as positive or negative according to their 
directioiu Hence, to ooostroct the arrve of shearing streans 
in any specific case, we proceed as follows : — Referring to 
the case of the Minotaur (fig. 1, Plate XLVI.), and com- 
mencing at the bow A: for the length of the ordinate of the 
curve at any point between A and we find the area of the 
curve between the ordinate and the point A^ and set off this 
area, to scale, upon the ordinate, which then represents the 
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magnitude of the sheaiing stress at that point. In fig. 1 
the ordinates are drawn below the axis at this end of the 
ship, conseciuently, after passing the point of reverse racking, 
the oidinates will be measured above the line. This is a 
matter of no ini])ort:iiice, it being necessary only that the 
ordijiatos should liavo the coiTect relative sign. Still refer- 
ring to lig. 1, it will be seen that the first point of maximum 
shearing stress is at the ordinate B^R^j through which 
represents to scale the area of the loop ALR^, of the curve 
of loads. As the latter curve changes sign at the point itj, 
the areas on the left of that point inclosed between it and 
any ordinate must be deducted from the area R^LA, and 
then we arrive at a, the point of reverse racking. On the 
left of a we can start afresh ; and, to determine the shearing 
stress at any point between a and i?, we have simply to find 
the area of the curve of loads inclosed by an ordinate through 
the j)oint and the point a, observing that this ordinate will 
be set ofi* above A B. At R.-, we reach a second point of 
maximum shearing stress, and from thence the areas between 
any ordinate and R^ must be deducted from the area between 
an ordinate of the curv^e of loads at a and the point R^^ for 
the slieaiing stress at the point in question : this deduction 
is continued untU at length the ahearing stress becomes zero 
at ^. 

From the preceding it will be seen that the area of the 
ciu^e of loads between A and R^ is equal to that between R^ 
and a ; also that the area between ^ ^ equal to the 

area between R^ and a. 

In the Victoria and Albert, Bdlerophon, and Audacious 
(see figs. 2, 3, and 4, Plate XLYI.), there are four points of 
maximum shearing stress {R^, i?2> -^s* -^4)^ positiTe 
(R2 and R^)f and two negative (Ri and ; benoe there are 
thrae points of reverse racking, a, b, and c. It is perhi^ 
unnecessary to point out that there must in anj case be an 
odd number of points of reverse racking and an even number 
of points of maximimi shearing stresSi half of which will be 
of opposite sign to the other half. 

In finding the areas of these curves the geometrical mode 
of integration explained at Art. 42 is adopteS. If the curve of 
loads is constructed with ordinates 20 feet apart, the curve of 
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shearing stresses is constructed by means of ordinates placed 
midway between the others, and therefore also 20 feet apart. 
The scales adopted are any that will suit the convenience of 
the calculator; the scale oi AB in the figures is 3 inches — 
200 feet, and the scale of the curve of loads is 3 squiU'O 
inches - 4000 tons, while the scale of the curve of skeariDg 
stresses is 1 inch = 400 tons. 

219. Curve of Bending Moments. — The bending moment 
at any point in the length of a beam being the sum of all 
the shearing stresses between that point and either extremity^ 
it follows that the ordinate of the cwrve of bending momenta 
is determined from the curve of shearing stresses in the same 
way as the ordinate of the latter curve is obtained from the 
curve of loads. It is mmeoeasaiy.to repeat the explanation 
of the mode of peiforaung the process of geometrical inte- 
gration; it willy however^ be instractive to consider a specihc 
case. 

Again, referring to fig. 1, Plate XLVI., where MM repre- 
sents the curve of bendimg moments as integrated from the 
curve of- shearing stresses VVV, it will be seen that, if we 
oommenoe at A, the ordinates of the cui*ve of bending 
moments continaally get greater as they include more and 
more of the area of the loop ABja of the curve of shearing 
stresses, until at length a maximum is attained at the 
ordinate oo^* through the point a. From thence repeated 
deductions are made, as more and more of the area of the loop 
is taken from the area of the loop <ii?j^p until at 
length the ordinate at the point B is zero. 

£i the cases of the vessel shown by fig. 2 of the same 
Plate, it will be noticed that the curve of bending momenta 
crosBSB the axis, producing three points ci maximum bending 
moment^ two bemg above and the other below the axis, and 
one of the former in excess of the other. This shows that a 
portion of the ship near amidships is snljected to a sagging 
bending moment^ and on either side of it the bending moment 
Is a hogging ona Generally there is a hogging moment 

* Sections at points such as a divide the ship in such a manner as 
to render each of the parts before and abaft it separately Mater- 
bome. These are termed ** secliona of wakr-borne division;" b and c, 
figa 2, 9, aaid^ ace similar seotioiist 
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throughout the vesseFs length when she is floating in still 
water, and in this case it amounts to only 170 foot-tons, 
while the excess of weight over buoyancy amounts to 210 
tons. In almost every case the moment of the downward 
forces is greater than that of the upward, and thus the 
tendency is to bog. This is due to the moment of the com- 
paratively heavy extremities, which counteracts the excess of 
weight over buoyancy at intermediate places. For instance, 
in the Audacious the excess of weight over buoyancy amounts 
at one place to 265 tons, yet there is no sagging moment, 
but a hogging moment at that place of 3400 foot-tons.' 

The scale of the curves of bending moments, in figs. I, 2, 3, 
and 4 of Plate XLVL, is 1 inch = 16,000 foot-tons. 

220. Stresses when amon^ Waves. — Hitherto we have been 

considering the stresses upon a ship when she is floating at 
rest in still water; the results so obtained are useful inasmuch 
as they afford valuable data for comparing different vessels, 
especially since the work of obtaining them is of a compara- 
tively simple character. It is, however, obvious that they do 
not furnish any infoiTaation regarding the maximum shear- 
ing stress and bending moment, which a ship may have 
to resist when peiforming an ocean voyage. Indeed, it is 
impossible by any calculation to predict the exact stresses 
which a ship may undergo during a voyage, inasmuch as the 
state of the sea is continually varying, so that she may 
encounter waves of all possible dimensions in a short space 
of time, and thus her curve of loads may assume a variety of 
forms. It is evident that there aie two conditions in whidi 
the maximum stresses possible are exerted, VIZ., when she is 
on the crest and in the hollow of a wave of her own length, 
tlie stresses in each of these conditions being greater as the 
height of the wave is increased. 

The result of observations made by Mr. Fronde shows that 
the height of sea waves is usually about one-fifteenth to one- 
twentieth part of their length. A series of calculations have 
been made at the Admiralty, the resalts of which will be 
quoted presently, for the stresses upon ships of different 
lengths, in which the height of a wave 400 feet long is taken, 
as 25 feet, and that of a wave 300 feet long is taken as 20 feet 

When the vessel is on the crest of a wave (see fig. 1| Plato 
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XL VII.), it is evident that hogging stmins are developed, 
and when in the hoUow (see 2, Plate XLYIL) that 
sagging strains are set np. 

In dese investigatioiis it is assumed — 

let That for the momeiit the ship's vertical motion may 
be neglected. 

2ncL That for the moment the ship is in a position of 
hydrostatical equilibrium. 

3rd. That the methods of calculating bending and shearing 
stiessesy previously used for still water^ may be employed 
here also, in order to approximate to the momentary stresses. 

SlU. 0iirv68 of Buoyancy when among Waves.— To 
obtain tiiese curves it is first necessary to draw the waters 
lines of the vessel in the two conditions^ vis., on the crest 
and in the hollow of a wave of her own lengtL These 
water-lines will of conise be Hke curve of the wave (see 
Art 164). 

We have to draw this curve in sncb a position on the 
ship - as to cut off a volume of displacement equal to the 
weight of the vessel, and having its centre of buoyancy in 
the same longitudinal position as the centre of buoyancy of 
the displacement in still water. This iB a tentative process; 
a first approximation to its position is made^ and. then, by a 
calonlatum and subsequent corrections, the exact position of 
the curve is found. An experienced calculator wUl approxi- 
mate very closely to the accurate position, leaving but a 
small correction to be made after calculation. 

Having the line drawn, the displacement per foot of length 
at equidistant sections is calculated, as in the still-water con- 
dition, and a curve of buoyancy constructed in the same way 
as before. 

It will be observed that two such calculations must be 
made, one for the crest and the other for the hollow of tho 
wave. Fig, 3 of Plate XLVII. shows the curves of buoyancy 
of the Minotaur when on the crest and in the hollow of a 
wave of her own length — 400 feet and 25 feet high (see figs. 1 
and 2). FF in fig. 3 is the curve of buoyancy when on the 
crest of the wave, and GG is the ciirv^e when in the hollow. 
The scale of the curv^es is 3 square inches = 16,000 tons; 
also 3 inches along AJi is c(^uai to 400 feet. WW is the 
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curve of weights, wbich is also drawn to Hbe sapie sealsL 
Fig. i, Plate XLVIL, and fig. 3, Plate XLYIII., show 

similar carves for the BdUrophon and Victoria €md Albert, 
drawn upon the same scale as those of the Minotatir. These 
curves were calculated at the Admiralty, and have been pub- 
lished in Naval Science, 

222. Corves of Shearing Stresses and Bending Moments 
among Waves. — Having the curves of weight and buoyancy, 
tlie construction of the curves of shearing stresses and bend- 
ing moments is very simple, the methods being the same as 
was explained for still water. Fig. 1 of Plate XLVIII. 
shows these curves for the crest of the wave, and fig. 2 those 
for the hollow, in the case of the Miiiotaur; the scale of the 
diagram being one-half that of Plate XLVI., which sho^\S 
the still-water curves. In these figures the scale of the curve 
of loads is 3 square inches = 8000 tons : 3 inches along AB 
is equal to 400 feet. The scale of the curve of shearing 
stresses, VV, is 1 inch — 800 tons, and that of the curve of 
bending moments, MM^ 1 inch = 32,000 foot-tons. It will 
be observed that when this vessel is on the crest of the wave 
there is a hogging moment at every point in her length, the 
maximum moment being at amidships; also, when she is in the 
hollow of the wave there is a sagging moment throughout 
the whole of her length, except a small portion right forward, 
where there is a slight hogging moment. The maximum sag- 
ging moment is also at amidships. The sagging moments are, 
however, much smaller than the hogging moments. The 
charactei*s of the curves are very much the same in the other 
two vessels (see figs. 5 and 6, Plate XL VII., and figs. 4 and 
5, Plate XLVIII.), but it wiU be observed that in the Vic- 
toria and Albert the sagging moments exceed the hogging, 
and in the Belleroplion they are about equal. It should be 
remarked that all these curves are drawn to the same scale. 

The results shown by these diagmms are useful, inasmuch 
that they point out the relative magnitudes of the maximum 
hogging and sagging stresses in ships of types so distinct as 
are those of the vessels considered. The Minoiaxir is an 
instance of a long vessel heavily armoured throughout her 
entire length ; the lidlerophon of a vessel armoui'ed to a slight 
extent throughout, but especialljso.at amidships, where there 
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is a heavy armour-plated battery, with guns, etc. ; while the 
Victoria cmd Albert is a Tessel of the character of a fuU- 
powered merchant steamer, idtli a light hull and heavy 
machinery, but not of such extreme proportions as ocean 
passenger steamers usually are. Thus the two first are 
useful in judging of the moments of stress to which war 
ships are subjected, while, as supplementary information to 
the third ease, we give at Art 229 other particulars regard- 
ing vessels of the mercantile marine. 

The period of a wave 400 feet long and 25 feet high is 
rather lees than 9 seconds of time ; that is to say, such a 
wave travels a distance equal to ito length in that time ; 
hence the changes from the hogging to the sagging stresses 
' occur at intervals of about 4^ seconds. The period of a wave 
300 feet long and 20 feet high is rather less than 8 seconds, so 
that the changes in stress occur at intervals of abont 4 seconds. 

S2d. Table of Maximum Bending Moments and Shear- 
ing Stresses. — ^The sabjoined table of maximum bending 
moments and shearing stresses, determined from the Mi/ruh 
tawr, Bellerophon, and Vietaria and Albert^ whidi are deduced 
from the curves already explained and other calculations, are 
published in YoL IL of Ntvval Science. The moments are 
given in terms of the displacement of the vessel multiplied 
by her length, and the shearing stresses are in terms of the 
displacement. In this form they may be readily applied 
to determine the approximate values of the same fox ships c/i 
the same types. 
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The displacements of the Minotaur, Bellerophoii, and Vie' 
ioria and Albert are respectiYely about 9800, 7500, and 
2300 tons. 

Mr. W. John, of Lloyd's Register of British and Foreign 
Shipping, in a paper read by him before the Institution of 
Naval Architects in 1874, gave, as the result of calcula- 
tions made by him upon the strength of merchant steamers, 
that the ordinaiy limit of maximum hogging moments is 
D X ^^th length, and of maximum sagging moments D x -J^th 
length. Up to the present time there have been so few cal- 
culations of this kind made upon merchant vessels that we 
are unable to provide further data. 

224. Application of the preceding Results. — The infor- 
mation furnished by these carves is of no value unless we 
know the intensities of the stresses which they cause the 
various portions of the structure to endure ; in the same way 
that it is of no use to know the principal bending moments 
on a loaded beam unless we know the form and dimensions of 
its section, as without the latter we are not aware whether the 
intensity of the principal sti^ess is within the working limit 
of the material ^ which the beam is made. Considering the 
ship then as a beam or girder, the maximum bending moment 
to which it is sabjected being known, we have next to find 
the tensile stress in tons per square inch on the matenal 
farthest from the neutral axis. 

225. Neutral Axis of a Ship. — By taking moments about 
the water liue or underside of keel, the vertical height of the 
centre of gravity of the material composing the midship 
section is soon found. - The operation consists simply of 
multiplying the effective sectional area of each plate, angle- 
ii'on, etc. (disposed longitudinally and contributing to the 
longitudinal strength ^ the ship), by the distance of its 
centre of gravity from the axis about which moments are 
taken ; the algebraical sum of these products^ divided by the 
sum of the areas, gives the distance of the centre of gravity 
from that axis. If momenta are taken about the undenBide 
of keel, all the produota will be arithmetically added; but if 
about the load water-line, the algebraioEd sum, or the diffiar- 
enoe of the sums of the producta above and below the axis 
will be divided by the sum of the areaa The direction in 
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w Lich tbe centre of gravity is set off from the axis will be 
determined by the sign of the algebraical sum. 

We have stated Qiat the efi'ective sectional area of the 
plates, angle-irons, etc., is used. By this is meant that the 
-weakest section of the ship is taken, and a deduction is made 
for the material removed in the rivet holes. As stated in 
the last chapter, the weakest section of a ship is through a 
line of frame rivets ; and as the rivets in a water-tight or bulk- 
head frame are spaced closer than elsewhere, the section is 
taken at such a frame. It is true that the strcDgth is partly 
made up by means of the wide liners already referred to ; 
nevertheless, in order that the result may not err on the 
unsafe side, it is usual to choose a water-tight frame, on the 
supposition that the wide liners do not make it quite so strong 
as a section of the ship at the other frames. In order to get 
the effective sectional area, one-sixth of the total sectional 
area of the iron work is deducted where the work is water- 
tight, and one-eighth of the sectional area of deck plating and 
stringers when riveted to beams so as not to be water-tight. 
The effective strength of wood deck flats is also reckoned, 
three-eighths of the sectional area being deducted for butts 
and fastenings (viz., one-fourth for butts and one-eighth for 
fitstenings), and then, to bring the remaining five-eighths to 
represent an equivalent strength of iron, one-sixth of the 
five-eighths, or five forty-eighths only, is reckoned of the total 
sectional area. Plate XLIX. shows a section of an iron ship 
with the neutral axis drawn through the centre of gravity 
its effective sectional area. 

226. Equivalent Girder. — ^Thc neutral axis is sometimes 
drawn in another way — ^by constructing a girder which shall 
represent the sectional area of the material of the ship's 
section, grouped symmetrically about the middle line of the 
section as a central axis. Plate L. shows the equivalent 
girder for an unarmoured ship of war. The materials in the 
two decks are represented by the two uppermost flanges, 
which are situated in the same positions as the decks. The 
upper deck is plated all over, and the lower one has merely 
a stringer. The web of the girder is made of the materials 
composing the sides and bottom, concentrated at the middle 
line, the block at the bottom being due to grouping the eflEeo- 
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tive sectional areas of tlie bottom plates, keelson, side keel- 
sons, etc., below the turn of the bilge. By taking moments 
about any part of this figure its centre of gravity is found to 
be at G\ hence the horizontal line draAvn through that 
point is the neutral axis. When the ship is subjected to 
hogging moments the portion of the section above the neutral 
axis is under tension, and tho portion below under com- 
pression; and when it is subjected to sagging stresses the 
conditions are reversed. 

It will be readily seen that, while the presence of riveta 
weakens a section as regards its resistance to extension, it is 
not so when the stress is a compressive one^ as in that case, 
if the rivets fill the holes, thej resist compression as much 
as the plate, Henoe^ supposing this girder to be subjected 
only to hogging moments, the lower part of it is smaller than 
the real equivalent, as in constructing it the same deductions 
were made for rivet holes as elsewhere. Similarly, if the 
moments are always of a sagging character, the upper part is 
smaller than the real equivalent. On this account some 
calculators have constructed two equivalent girders for a 
ship, one for hogging and the other for sagging momenta 
In the former case no deductions are made below where it is 
expected the neutral azts will come (and its position can be 
very closely approximated to, while, if a slight error be made 
in the guess, it does not mudi intorf ere with the result), and 
in the latter no deductions are made from the material aboye 
the assumed axis. There is, of course, a separate neutral 
axis for each case. 

^ 227. Moment of Inertia of the Section.— In order to 

obtain the intensity of the stress on any part of the section 
we apply the formula 

« 

hence we have to find the value of /, or the moment of 
inertia of the section about the neutral axis. The unit of 
area employed is a square inch, while distances are measured 
in feet. 

For the moment of inertia of the section we may either 
oaleolate direct from the drawing (the usual method, as 
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the girder is rarely constructed), or else calculate from 
the equiyalent girder. If we calculate horn the seotLon 
of the Tessel, the moments of inertia of itihe several parts are 
found by midtiplying the sectional areas of plates^ etc., dis- 
posed horizontally by the squares of their distances from the 
neutral aads, while tiie moment of inertia of a plate disposed 
Tertioally is found by multiplying the area of its section by 
the square of the distance of its centre of gravity from the 
neutral axis, and adding thereto one-twelfth the area x the 
square of ito breadth. The sum of these results is the total 
moment of inertia of the section. A similar course is puiv 
sned if we calculate tiie moment of inertia from the equivalent 
girder, the work being simpler in the latter case when once 
the gkder is constituted. Having the value of / for the 
section, and the total bending moment known, the intensity 
of stress at any part of the section is readily found. 

SS8. SpsGimen Oalculation.— Suj^xxae a certain vessel, 
when on the crest of a wave, is subjected to a hogging 
moment of 50,000 fooVtons, the moment of inertia of her 
eflfective section about the neutral axis is 160,000 (units of 
measurement as in the last Art.), find the tension in tons 
per square inch on the upper deck plating, which is 18 feet 
above tiie neutral azi& 

p M 

My_50 .000xl8 _ 

^-T—ifipoo"-*'*^^- 

2S9. XavastigatioiUl Mr. John.— In the paper read by 
Mr. W. John, of Lloyd's Begister, which we have already 
alluded to In this chapter, a 1^ is given of results of calcu* 
lations made upon a number of vessels of the mercantile 
marine^ which diows that in such extreme conditions, as on 
the cr^ or in the hollow of waves of thdr own length, the 
maximnm tension per square inch, on the upper works of 
some of iliese vessels, is feur beyond that which has been 
hitherto considered desirable. The factor of safety for 
wrought-iron imder tension is considered by many authorities 
to be 5, so that, allowing 20 tons to the square inch as the 
ultimate strength of the iron, the maximum tension on a 
wrought-iron structure should not exceed 4 tons per square 
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inch. As will be seen by reference to the subjoined list of 
results, this tension is doubled in the cases of some very 
long ships now in existence, so that it appears either that 
the conditions which these figures refer to rarely occur, or 
else that such a high factor of safety as 5 is unnecessary. 



Tonnage 
Of V«mL 


Maximum Tension on the 
Up^r Woriu m tou« 
pari^. in. 


Tonnage 
Of VflneL 


Maximum TsMion on the 
Upper Wotka in ioiw 
peraq. in. 


100 


1 67 


800 


4-59 


200 


2-36 


900 


4-80 


300 


3 09 


1000 


619 


400 


3*65 


1500 


5-34 


500 


3-95 


2000 


5*90 


600 


3 72 


2500 


7-08 


700 


4*57 


3000 


8-09 
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PART IV. 



CAIiOULATIONS EELATING TO PROPULSION OF 

SHIPS BY SAILS. 



'CHAPTER IX. 

Masts — Yards — Sails — Rigs — Sailing — Real and Apparent Motion of 
tbe Wind — Effective Impulse of the Wind — Trim of Sails — 
BCfect of the Position of Centre of Gravity (Longitadinally) on a 
Ship's Sailing Qualities — Centre of Effort — Speed under Ssdl— 
Stability under Sail — Steady Impulse and Small Inclination — 
Steady Impulse and any Inclination — ^Effect of a Gust of Wind. 

230. General Remarks. — The only means of propelling a 
vessel, with which mankind was acquainted until within the 
last half centmy, consisted of either rowing by hand or 
being blown by the action of the wind. Even as recently as 
the fifteenth century the war vessels of many of the countries 
of Europe were propelled by rowers, who were seated on 
board the vessels upon one or more tiers of benches. The 
labour of continuous rowing was so great that prisoners were 
forced to perform the work ; the name " galley slave," given 
to these unfortunate creatures, being familiar at the present 
day. With the rapid development of war ships during the 
reigns of the Tudors, it became necessary to devise arrange- 
ments of masts, rigging, and sails, suitable to propel these 
yessels; and at that time a style of rig came into use which, 
inth a few modifications, exists at the present day. Indeed, 
in no other department of naval architectui^e has so much 
conservatism heen displayed as in the rig of ships ; for^ if we 
except certain mechanical contrivanoes for reducing manual 
labour, the rigs of ships have remained almost unaltered 
during the last century. 

4b z 



Digitized by Gopgle 



822 THEORETICAL NAVAL ABCHITECTUBE. 



It would not be consistent with the character of this 
work to diseusB at length the question of the rigs and relative 
propOKtioiis and shapes of sails, as that subject is an exten- 
nve one, and belongs rather to the province of the practical 
rigger. We puzpoflo rather to investigate the relation of 
sail power to speed and stability; and also to consider the 
mathfflnatioB oonnected with sail amngement in z^gaid to 
the manoBuyring qualKdes of a ahip. 

It is necessary, howerer, to explain the meaning of the 
terms we shall employ, and show by illustrations the nature 
of the several kinds of sails and rigs. 

SSL Masts. — The sails of a ship are kept at their proper 
elevation above the deck by means of masts, to which are sus- 
pended the yards, booms, etc., and to these latter the sails are 
immediately attached. Each mast is generally made up of 
several lei^gths which lap against and are attached to each 
other by caps. The number of masts in a Tessel is governed 
by the rig : cutters have one mast ; schooners,* brigs, and 
briffontiam have two; barques and ships have three; while 
some exceptionally long vessels have four or more masts. In 
▼essels having two masts, the one nearest the bow is usually 
named the formnuA and the other the mmwrnatt, When a 
-vessel has three masts^ they are styled— commencing at the 
bow — the foremaui, mom/nuui, and mtem mast reepeotively. 
In addi t i o n to the mast or maats, there is usually a bowsprit^ 
which is similar in form to a mast^ but projects fonrard, 
beyond the bow, in a more or less horizontid direction, to 
support the sails before the foremast^ usually styled the 
hsad saiis. 

Each mast is made up of several parts, except' in some 
yery small vessels, where it is found convenient to make the 
whole length of one epvp. Without going into the technical 
details of what masts are peculiar to particular rigs, we will 
merely stato that the lowest length and tiie principal piece 
of eadi mast is termed the iow» mast; thus we have the /oi^ 
lower masf, mainrlower mast, etc.; above tibis there is tiie 
topmast; thus we have fors topmasty eta; and again, 

* There is a style of rig upon three masts, which give the vessels 
carrying it the uamo of tkre&'Tnmted schooners (see ng. 1, Plate 54), 
white anotiiflr ii tenmed a One^asted brigantine. 
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above the topmast^ is the tojtgallant mast, and sometimes 
tlie roiial mast. Generally, however, the topgallant and 
royal masts are in one piece, the latter portion being termed 
the royal jmle. Beyond the bowsjirit there is sometimes a 
jibboom, and again beyond tliat a flijing jibboom. 

The portion uf the lower mast between the lower extremity 
■which heels on the step in the ship and the nppermost 
wedging deck (i.e., the n})pennost deck which receives the 
wedges that tighten the mast in place), is termed the Iimmng, 
and the place where tlio slirouds are collected on the mast is 
termed the lioumls. On the npper extremity of the lower 
mast is the lower cap, through which the topmast passes, 
the lower extremity of the latter resting on the trussel trees 
near the hounds. The length from the hounds to the cap is 
termed the head of the lower mast. The head of the topmast 
is the length from the crosstrees on the topmast to the top- 
mast cap. Through tlie latter the to])gallant mast passes, 
resting on the crosstrees. The topgallant and royal masts 
are usually of one spar, the place where the former ends 
and the latter commences being termed the stop. The 
portion of the bowsprit inside the ship is termed the housing 
of the bmosprlt, and the portion of the jibboom between the 
bowspiit cap and its after extremity is styled the Jwusiiig of 
the jibboom. 

Except in the cases of some unusual rigs, the masts of a 
shij) incline aft, the inclination being known as the rake. 
The rake is least to the foremast and is ^rreatest to the 
mizen mast. The deviation of the bowsprit from the hori- 
zontal is termed the steeve. 

232. Yards. — The horizontal spars to which square sails 
are hung are termed yards. The lowest yards of the fore 
and mainmasts are termed the fore lower yard and main lower 
yard respectively, while the lowest yard on the mizen mast 
is styled the crossjack yard. Square sails are rarely hung 
to the last mentioned, it being used only for stretching 
and working the sail above. The other yards to each mast 
are known as tlui fore, etc., topsail yards, fore, eta, top- 
gallant yards, and fore, etc., royal yards. 

Each yard is longer than the sails attached to it, the addi- 
tional length at eacSi extremity being termed tbe ya/rd anth 
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To each extremity of the yard armaiing is attached, through 
which passes a small spar tenned a studdinff»aiil hoom^ 
whioh carries a studdingaaiU, and which laps agamst the 
yard aim. It should he here remarked timt these studding 
sails are not part of what is termedthe j7/!e»»sail of the ship. 

Besides the preceding, there is a spar which points upwards, 
at an angle with the mast, its lower extremity, when in 
place, heing near the hounds. These spars are known as 
gaffs; they support the upper sides of the fore and main 
iryeaila, and on the mizen inast they support the driwr. 
At the lower extremity of the latter is a bcim which readies 
over the stem, and is known as the driver boom. 

2S3. Sails. — Sails are divided into two principal classes, 
viz., sqtmre saUs and fa^^-amd-afi wile. The former are 
most ^cient when sailing free, i,e,, hefore the wind, or, in 
other words, away from the wind. Their mean position is 
transverse or across the ship, and they can he hraced to a 
considerable angle on either side of that position to suit 
the direction of the wind, but cannot be braced right fore- 
and-aft 

For^amd-aft eatU are best for sailing close to the wind, 
or for manoeuvring ; their mean position is nearly right fore- 
and-aft, and they can be moved to a considerable angle on 
either side of that position. Some of these sails are necessary 
for certain manoeuvres, especially going about, or changing 
the direction of the ship so as to receive the wind from the 
opposite side. Hence, although some small vessels ai'e wholly 
without square sails, all vessels have fore-and-aft sails. 

The rig of a ship is said to be square or fore-and-aft accord- 
ing as the principal sails arc cither square or fore-and-aft. 

We have mentioned the principal rigs as being those 
of the cutter, schooner, brigantine, brig, barque, and ship. 
In addition to these there are certain combinations or 
modifications of tliese rigs, which are adopted in special cases 
for certain services, some of which are shown by figs. 1 and 2 
of Plate LI V. In long steam vessels are found various com- 
binations of the schooner, brigantine, brig, and barque rigs ; 
these being adopted in consequence of sail being but an 
auxiliary power of propulsion. In such vessels four or more 
masts aie sometimes used in conseqence of the gr^t length 
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of tiie deck, and the desire to have ligkt and easily handled 
saUs and spars. The Great JEastem is a ramarkable illustra- 
tion of thisy that vessel having no less than six masts, two 
of which are square rigged and the remainder fore-and-«ft 

rigged. 

Square sails are of the form shown by fig. 1, Plate LT. 
They are four-sided, and generally stand symmetrical with 
regard to the mast, as shown in the figure, which shows the 
usual form of these sails. 

Fore-and-aft sails are of various shapes. Figs. 2 and 3 of 
Plate LL show the general forms, fig. 2 representing such 
sails as are hung between the foremast and the bowsprit, 
jibsy flying jibs, etc. lig. 3 is the shape of the principal sails 
of a cutter and schooner, while in a barque and ship rig they 
are known as Iryaails when on the fore and main masts, and 
drivers or spofnkera when on the mizen mast. Their general 
name is goff sail, being hung to a ga£ 4 and 5 show 

two kinds g^ff-iopiaXUf the former being what is termed a 
Img-aaU and &e latter a duAMer-qfmuUon sail Staysails 
(sometimes hung on the stays of the masts) are of the shape 
shown by fig. 2. 

S34. Big& — We will briefly explain by means of illustra- 
tions the nature of the principal kmds of rigs. Fig. 1, Plate 
LTT., shows a cutter, all the sails of which are forMnd-afb. 
a is tJie mamKMy h the gaff-topsail, c the foresaU, and d 
the fih, a, c, and d are what is termed ike plain sail, and 
are those generally taken into account in estimating the trim 
of the saUs and the proportionate sail power of ^e vessel. 
In addition to a, c, and d, a variety of other sails, including 
some square sails, are occasionally carried in light winds. 

Fig. 2, on the same Plat^, is a schooner, f is the fare stay^ 
sail, a ike foresail, g ike jib, d before topsail, e the /ore top" 
galkmt sail, h the fnainsaUf and c the main gaff-topsail. A 
Jlying jib and other sails are sometimes carried in addition to 
those shown. 

Fig. 3 is a hrigantine, which differs from a schooner, inas- 
much as the former carries a course, or lower square sail, on 
tlie foremast, and has likewise a top instead of a erosstree at 
the head of the lower foremast Brigantines also usually 
have a fore topgallant mast. In the Plate, a is the foresailf 
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d the /ore topsail, and e the fore topgallant saio ; b is the wiam- 
saU or driver, and h is the jib. These constitute the plain 
sail of the vessel. Of the others c is the gaff-topsailj k the 
fore trysail, rj the fore topmast staysail,/ ihQ/ore staysail^ and 
and k the fore royal sail. 

Fig. 4, Plate LII., is a brig, a is t\iQ jib, b the /ore course, 
c the fore topsail, d the /ore topgallant sail, e the 7nain course, 
/ the main topsail, g the niai7i topgallant sail, and h the 
driver. These are the plain sail, by which the calculations 
regarding the sails are made, k and I are the fore and viain 
royal sails respectively, and m and n are fore topmast stay- 
sail and fore staysail respectively. As will be seen, all 
these sails, except a, m, n, and h, are square. 

Fig. 1, Plate LIII., shows a barque. In this rig a is the 
h the fore course, c the fore topsail^ d the fore topgallant 
sail, e is the main course, f the iopaaU, g the matn top- 
gaUant sail, h is the driver, and A; the mf??'?^ gaff-iopsaiL 
These are all the plain sail of the ship. Of the other sails 
shown, those marked I and m are the flyvng jib and the fore 
topmast staysail respectively, and n and o are the fore and 
99iam royals. A fore staj sail and a trysail upon the fore 
and main masts are also carried and used at certain times; 
these are omitted in the fignre, but are similar to the cor- 
responding sails on the fore mast of the brig. It should 
here be remarked that in the schooner^ brigantim, brig^ and 
hofrque, sails are carried upon the stays to the several masts, 
and are termed stay sails (see fig. 2, Plate LTTL, and fig: 3, 
Plate LI v.). 

^ Fig. 2| Plate LIII., shoies a Mp rig of the kind known 
as a dipper. It is very common in fiust-sailing ships of the 
mercantile marine, of which the fig. shows a good specimen. 
Commencing right forward, a, e, d, and e are the Jlymg 
jib, outer and inner jibs, fore topmast staysaH and fore ataysasl 
reepeotiydy. Of the lower sails I, and q are /ore^ fiMMn» 
and mizen eowrses respectively. Each of the topsails is in 
two parts ; for instance, g is the upper and g^ the Ipwer fore 
topsail, and similarly with regard to the square sails om iha 
other topmasts. Also, the top gallant sails are each in two 
parts, h and iLJbeing the upper and lower topgallant sails 
zespeotively. The yard between the two parts ^ the sail is 
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made so as to roll up the portion of the sjiil above it when it is 
desii'ed to reef, i.e., reduce the area of sail cari'ied ; the opera- 
tion being performed by a reefing apparatus on deck, h, o, 
and tf are royals ; and is what is sometimes termed a ,$kij- 
scraper, being carried only in very light winds. In some 
ships a corresponding sail is also carried on the fore mast. 
It will be observed that no rayal sail is earned on the mizea 
mast in the example shown, but this is not always the case. 
The sail marked u is the driver, and and x show stay- 
sails, "which axe often earned on more stays than in this 
example. Trysails are also carried when running dose to 
the wind; while in all the ligs studding sails axe carried 
upon booms at the ends of the yaids^ when running free, 

A more usual style of ship rig, especially in the royal 
navy, is shown by fig. 3, Plate UY. The sails marked a to 
h inclusive bear the same names as the corresponding sails, 
similarly lettered, in the barque rig shown by fig. 1, Plate 
T JTT, j ^is the mizen topsail and I the mizen topgallant 
saiL These aie the plain sail of the ship^ and their coUectiye 
area is given in the table of references above the figure. 
The following are the names of the other sail^ shown : m is 
the fyw0pb, n thenars topmast ttaysaU, and o ihefore 9tay- 
aailp while Pf q, and r are, respectivelj, the fore^ main, and 
mizen xoyals. Sttos^ indnsive, axe staysails whrnh, as 
already mentioned, are carried in the other xigs, bat not 
shown. The fore and main trysaUa are shown by and t^^ 

I^ga. 1 and 2 of Plate UY . are examples of rigs often met 
with in steam ships. In addition to tiiese thexe are various 
modifications and combinations of the schooner, brig, barque, 
and ship rigs, adopted in sadi vessels to suit the requirements 
of particular cases, sail power being merely an auxiliary to 
the steam power provided. 

285. BsiUng.— The princij^e of a vessd's motion t^ 
the water, in a direction making an angle with tiiat of m» 
-irind, bas been aptly compared by a writer in Ifawd Somnee 
to the motion of a train of carriages on a railway when 
pushed by a force whose direction is oblique to that of the 
rails. So long as any portion of the force of the wind can 
be brought to bear upon the sails, so that there is a resolved 
component acting in the direction of the keel, the vessel has 
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a tendency to move in that direction : for the shape of thd 
immersed portion of the vessel's body is such that less 
resistance is offered to motlDn in ihe direction of the keel 
than in any other direction. Consequently, although the 
component of the force acting at right angles to the keel maj 
be greater than that in the direction of the keel, yet^ owing 
to the lesser resistance offered to the latter force, it IS in general 
more effective in propelling the shqp than the other com- 
ponent. In the case of a carriage on a railway there is no 
other motion possible but in the direction of the rails, 
but in the case of a ship, although tbe resistance to broad- 
side is much greater than to fore and aft motion, yet 
when the wind is blowing so obliquely with regard to 
the plane of the sails that only a small portion of its force 
acts in a longitudinal direction, the vessel makes what 
is termed leeway very rapidly, and that, too, in propor- 
tion as the immendtm of the Tessel is small Leeway always 
occurs unless the Tessel is ronning free; but with a strong 
wind abeam, and a good spread of fQre-and-«fk sail well 
trimmed, this can be ireduced to a small amount. The usual 
ratio of kefway to headway varies firom about one-fifth to 
one-tenth, the former fraction being rarely reached. This 
causes tlM direction of the ship^ course to' make an angle 
with the line of keel, which angle is termed the ofn^ qf 
Uaoaiyy and varies fma about 5|** to 11^ (see fig; 1, Plate 
LY., where the arrows show the direction cf the wind and 
that of the vessel's course is drawn as a ticked line). 

S8& Seal and Apparent Motion of the Wind.— By the 
teal moUm of the wind is meant its motion lekttively 
to the earth ; by its apparent motion is meant the motion 
relativdy to the ship when she is sailing. It is, of course, 
the appareni motion with which we are concerned in con- 
sidering the question of sailing. 

In Fig. 2, Plate LY., AC represents in direction and mag- 
nitude Sie real velocity of ^e wind, and AD represents 
similarly Uie velocity of the ship. Through 0 draw €B equal 
and parallel to AD and join AB^ then AB represents in 
direction and magnitude the appofrmt wHocUy of the wind, x 

237. Effective Impulse of the Wind.— In fig. 3, Plate 
LY., KM is the line of a vessel's keel, AB is a sail braced 
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round so as to make an angle a witli KM ; PC represents 
the apparent direction and velocity of the wind, PC making 
an angle 0 with the sail. Resohang the velocity PC into its 
two components, one ])erpendicular and the other in the 
plane of the sail, wo have PC sin 6, the effective velocity 
of the wind. This is represented by RC in the figure. 
The pressure of the wind per unit of area of the sail is equal 
to the change of momentum of the particles of air produced 
by the action of the sail in each second. Hence this presBure 
acts in the direction EC^ and is equal in amount to 

PC gin/ 
d2'2 ' 

The weight of air acting upon the sail in a second is the 
pTodact of the apparent velocity, the density and the sec- 
tional area of the wind-current. This sectional area was for 
some time assumed to vary with sin d ; with this assumptiou 
the impulse varies as sin^^. Experience has, however, shown 
that the impulse diminishes much more slowly than the 
square of the sine of the aoglei as is seen by the speed with 
which vessels can sail close to the wind. Part of this speed 
is, however, no doubt due to the fact that the apparent 
velocity of the wind is greater than the real when the wind 
is before the beam» id^ blows an angle on the fore side 
of a perpendicular to the middle line of the ship. Again, it 
must be remembered that the snr&oes of sails are not flat^ 
but more or less hollow, also the direction of the current of 
wind on a sail is more or less modified by the influence of 
other sails in its vicinity. 

In fig. 3, Plato LY., if BO represent the impulse perpen- 
dicular to the sail, then JRO sin a^NC is the component of 
the impulse whidi moves the ship in the direction JTif, while 
EC cos a s EN is the component which produces leeway and 
tends to heel the ship over. 

The result of experience is that, when the sails are braced 
to the most efficient angle, as deduced from practical trials 
with the vessel, the fcnrward ef^ of the wind varies propor- 
tionately to the square of the velocity of the apparent wind, 
and to half the versed sine of the angle between the ship's 
course and the apparent direction of the wind. 

8S8. Trim of Sails. — The principles upon wliich the area 
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of the sails for any given vessel is determined will be con- 
sidered presently; we will, for the present, assume tliat the 
area of sails is .i^dven, and will now show how to arrange the 
masts and the sails upon them in such a way that the wind 
shall cause the vessel to pursue a rectilinear coui'se, when 
the wind blows across that course, instead of her rotatLpg 
about an axis. 

The motion of a vessel at starting is due to the excess of 
the impulse of propulsion over the resistance of the fluid in 
which she moves; the speed of the vessel continues to in- 
crease until the two forces are equal, and then she moves 
with the unifonn velodtj due to the constant application of 
the propelling foroa. 

If the propeUing farce and the resistance act through the 
same transverse section of the ship, the motion is rectilinear, 
and if the forces are applied at different vertical heights in 
that section the ship will heel over, imtil such an angle 
is reached that the moment of stability of the ship is equal 
to the inclining moment of the wind on the sails. 

The centre of a])plication of the propelling force is at the 
centre of gravity of the sails; usually termed the centre of 
^ffofif" while the centre of applicatum of the resistance of 
the water when the ship is not running before the wind is a 
point termed the " centre of lateral resistance" which varies in 
position with the speed of the ship, her form below water, 
and other conditions of a somewhat complicated character. 
Hence this point is not determinate. It is usual, however, 
to consider it to be situated at some fraction of the ship's 
length before the centre of gravity of her immersed longi- 
tucfinal vertical middle line plane; the fraction varying 
according to the ratio of the vessel's length to her breadth 
and to her form below "water. Values of this firaction are 
given in Table X. The indining m<Mnent of the ship is the 
moment of stability at the angle of heel; the area of the 
sails being so fixed that the angle shall not exceed 4 degrees 
at the ordinary pressure of tiie vind when plain sail is 
carried. In all tiiese calculatianB the plain sails only are 
taken into account (see Art 234). 

239. Ardency uid Leewardliness.— If the cenire of effort 
of the8aikaiidthec0n^<2^jbtt0nilmM<ein^ are 
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in the same transveiae Bection, the motion of the ship will be 
rectiliniear. however, they are not in the same transvei*se 
section a conple is produced which causes the ship to i*otate 
about some axis. 

A pair of equal and opposite impulses acting in parallel 
lines (that is, the impulse of a couple), give no motion to the 
centre of gravity of the body they act upon; but cause 
the body as a whole to rotate about its centre of gravity. 
Hence a ship whose centre of lateral resistance is not in the 
transverse section which contains the centre of effort of the 
sails, rbtates instantaneously about her centre of gravity. 

If the centre of effort is on the fore side of the centre of 
lateral resistance, the ship rotates in the same direction as 
the wind blows, or, in other words, dkefaUs off from the wind 
and goes to leeward. Such a ship is said to be leewcvrdly, 
and to carry lee hehu In order to sail the required course 
it is necessary to put the rudder round to windward, and, 
therefore, the helm to leeward. 

If the centre of effort of the sails is abaft the centre of 
lat^^ resistance the ship rotates in an opposite direction to 
the wind, or, in other words, she Jlies up to the wi/nd^ and 
sails to indndwaid of the desired course. Such a ship is said 
to be ardenJt and to cany malther hdm^ as it is necessary in 
€frdet to sail the required course that the rudder should be 
put round to leeward, and therefore the helm should be put 
to windward. 

By the term centre of lateral resistance," as here employed, 
must be understood the true centre of lateral resistance, 
wherever that point may be situated. As already stated, it 
is usual to draw a vertical line through the centre of gravity 
of the immersed middle line plane of the ship, and assume 
that the centre of lateral resistance is at sonio fraction of the 
ship's length before that point. In fig. 3, Plate LIV., which 
shows the sail plan of a ship-rigged vessel, a vertical line is 
shown through the centre of gravity of the middle line plane, 
and the centre of effort of the sails is at 15-9 feet abaft that 
vei-tical line; so that in the case there shown the true centre 
of lateral resistance is about 16 feet on the fore side of the 
centre of gravity of the immersed longitudinal vertical 
middle line plane of the ship. 
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Even if it were desirable, it is difficult, if not impossible, 
to so trim the sails as to ensure that there is never a rotating 
couple. The i)lain sails, whose centre of effort is calculated, 
are not often all set together, and when they are, other sails 
are often set with them; in short, it cannot be ensured tliat 
the computed centre of effort of the sails is the real centre 
of effort at all times when the ship is sailing. As will be 
Been, presently, when showing how to determine that point, 
the centre of effort being calculated upon the supposition that 
the sails are all braced right fore and aft, its position, with 
the same sail set, does not vary with square sails' placed 
Bymmetrically in regard to the axis about which they rotate, 
but it does vary considerably with fore and aft sails, such as 
the jib, driver, etc., when standing at any other angle. 
AgjBOJif the variations in the position of the centre of lateral 
resistaiioe at different speeds^ already alluded to^ pxevesit m 
from being able to fix ito position under all circumstances. 
Erom these considerations it mil be seen that the naval 
architect must have recourse to experience gained by observ- 
ing other vessels, in order to arrange his sails efficiently. 
The influence of the position of the ship's centre of gravity 
on her manoeuvring capabilities have also to be taken into 
account; and data of this character obtained from other ships 
must also be referred to^ as will be seen in the next Article. 

The plain sail is so arranged as to ensure that^ under ordi- 
nary circumstances, the centre of lateral resistance is a little 
on the fore side of the centre of effort, and thus that the ship 
shall cairy a little weather helm. This is desirable, as the 
ordinary manoeuvres under sails consist of tacking^ or sailing 
up in the wind and changing her course in this way, so as to 
receive the wind from the opposite side of the ship. Hence 
it is necessary that the ship should carry a little weather 
hekn, as by putting the helm to leeward both rudder and 
. sails act together in changing the course of the ship^ and 
patting her on the otiier tack. 

This €wdent tendency must not, however, be excessive, as 
the necessity of counteracting it with the rudder would re- 
duce the speed of the ship. 

Should a vessel prove leewardly when plain sail is set^ the 
fSftult may be rectified in two ways. Either the stem sail 
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may be increased or the head sail diminished, or both ; or 
the trim of the ship may be altered by shifting weights 
farther forward, and so immersing her more deeply at the 
bow and diminishing the draught at the stem ; in this way 
the centre of lateral resistance is moved to the fore side of 
the centre of eflfort instead of being abaft it as before. 

Should a vessel be too ardent the converse of either of 
these operations will correct the fault. It is worthy of re- 
mark that the rake of the masts is sometimes increased to 
diminish leewardliness, and vice versa. 

The motion of the centre of lateral resistance with varying 
speed, already alluded to more than once, is illustrated in 
sailing a boat close to the wind. When the wind drops, the 
boat, even if ordinarily ardent, makes leeway very rapidly, 
and the desired course cannot be kept ; but if a sudden breeze 
springs up, the boat at once, without the rudder being touched, 
flies up in the wind's eye, and unless checked by the helm, 
will go about on the other tack. This is due to the pressure 
of the water against the leewai'd bow of the boat being in- 
creajsed relatively to that on the after part, and thus the 
centre of lateral resistance moves forward. It will be readily 
seen that this excess of pressure forward lAoreases with the 
bluffiiess of the fore body ; hence the centre of effort musfc 
be plaoed farther f orwaxd as the fulness of the fore body below 
water is increased. 

In the old sailing ships of the Royal Navy the centre of 
effort of the sails was situated at about one-fourteenth of the 
ship's length before the centre of gravity of the immersed 
middle line plane ; in the fast wooden steam frigates built 
before the armour-clads it was about one-twentieth to one- 
twentj-fourth before, and in the iron steam frigate Incotif 
ttantf whose form below water, especially forward, is much 
finer than any of the ships already referred to, it is only 
one-twenty-eighth before. 

Table X. contains a list of the positions of the centres of 
effort of the sails of the typical vessels named therein. The 
table also contains other particnlars of a useful character in 
relation to the dimensians, positions of masts^ and arrange- 
ments of sailsy in the vesisels named. The particulars are 
copied from YoL XIIL of the TrantacHans of Ae lntUMtan 
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of Kaiwd Architects, and were oontiibiited by Mr. J. G. 
Wildish, of the Adminliy. 

9M. lUbet of the PoBition of Centre of Ozavity (Longi- 
tudinally) on a Ship^e Sailing Qualitlea.— The infltience 
whioh the lelatiTe podtionB of the centres of gnmiy and 
lateral redatanoe of a ship have upon her manoeavering 
qnalitiesy when under sail, has not attracted much atten* 
tion. Except when a 'rasel is pitching or scending, or 
when her trim is altered by the pressoie <^ the wind on 
her sails, her centre of gravity and bnoyancy are in the 
same transvenn section; that being a fmi^^ 
her hydroetatical equiUbrium. ^e position of the centre of 
lateral resistance being governed by the extent and character 
of the immersed surface of the vessel, and that of the centre 
of buoyancy by the volume inclosed withiii that surface, it is 
evident that two vessels of the same dimensions, draught, 
trim, and (liHi)lacement, may have these points at very dif- 
ferent distances apart. In the old sailing ships of the Iloval 
Navy the centre of buoyancy — and therefore the centre of 
gravity — was usually before the middle of the length of the 
load water-line, the* distances varying from one-fiftieth to 
one-hundredth of the length. Tlie determination of the posi- 
tion was governed by considerations of si)eed and longitudinal 
stability, and its effect upon the saUing qualities of the ship 
do not appear to have been noticed. Tins was of very little 
importance at that time, as the sliii)s were short and easily 
influenced by the rudder. With the introduction of long 
steam ships, also fully rigged, the question became of more 
moment, as the power of the rudder in such shii)s is rela- 
tively less. Whether by design or not we are unable to say, 
but it ]iai)])en3 that in the majority of the long steam 
frigates, which succeeded the sailing ships, the centre of 
buoyancy was placed much farther aft, and in those which 
sail best the point is as much abaft tlio middle of the lenc^tli 
as it was formerly before it. An opinion has long l)een held 
by many that a short fore body and a long after body is best 
ailapted for speed, but it appears fix)m the results of these 
ships that no loss of speed resulted when under sail, whUo 
the advantages in tacking ai-e very marked in the case of such 
ships when compared with those ships of the same dimen- 
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Bions in which the centre of buoyancy is before the middle 
of the length. We will now investigate the cause of these 
xesnltB. 

Suppose the force of the wind perpendicular to the 
sails to be P, and the angle which the plane of the sails 
makes with the keel of the ship to be cu So long as the 
ship puisnes a steady rectilinear coarse the force of propnl- 
son is P sin a acting on the centre of effort, and this must 
be balanced by an equiyalent force on the ship's bottomi 
acting through a point in the same transverse section as that 
which contains the centre of effort, i.e.y through the centre 
of lateral resistance. Now, imagine the action of the wind 
to suddenly cease, the mechanical work accumulated in the 
ship will cause her to continue to move in her course, and 
thus P sin a will continue to act at the first instant, but 
instead of doing so through the centre of effort it will now 
act through the centre of gravity of the ship, where the 
mechanical work may be supposed to be accumulated. Hence 
a couple is set up, the resistance against the ship's bottom 
still acts at the same point as before, while the force moving 
the ship acts before or abaft that point, according as the 
centre of gravity (or centre of buoyancy) of the ship is before 
or abaft the centre of effort. In a brief period the ship loses 
speed and the centre of lateral resistance moves slightly aft. 
The effect of this conple is to produce a rotatory motion in 
the ship about an axis through lier centre of gravity. Tho 
velocity with which the ship commences to turn is propor- 
tional to the moment of F sin a (acting through the centre 
of lateral resistance) about the centre of gravity, divided 
by the moment of inertia of the ship. If, the instant after 
the wind ceases, the centre of lateral resistance and the centre 
of gravity are in the same transverse section, the ship does 
not commence to rotate, and only does so afterward by l eason 
of the centre of lateral resistance moving slightly aft, owing to 
the reduction in the vessel's speed. Hcnco, in this case, the 
course of the ship at first remains unaltered, and afterwards 
she turns to leeward of her original course. If the centre of 
gravity is before the centre of lateral i-esistance, the instant 
after the wind ceases the ship commences to rotate to lee- 
ward while if the centre of gravity is abaft the centre of 
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lateral resLstance she commeuoeB to rotate in the opposite 
direction, or to windward. 

In tacking, the helm is placed to leeward, and therefore 
the rudder to windward, so as to cause the vessel to turn 
towards the dii*ection from whence the wind blows. Then 
the head sail is eased ofi* and the driver is hauled amid- 
ships so as to increase the efficiency of the stemmost sail, as 
she turns, and diminish that of the foremost. As the ship 
continues to turn, all the sails lose their power in maintaining 
headway, and they do not ixssist in turning any more until 
they "draw" on the opposite tack. Hence the only forces 
then available to turn the ship are tlie impulse of the water 
on the rudder and tliat ou the ship's bottom. Now the 
action of tlie rudder aftt r tlu^ sliip has commenced to turn is 
found, by the strain on the tiller, to be very slight ; and if 
ever the rudder has afterwards to be resorted to, it is in the 
case of a vessel which " goes about " badly. Thus it is seen, 
that the magnitude and direction of the moment of rotation 
already alluded to, due to the poBitionof the centre of gravity, 
and therefore to the centre of buoyancy, is of great importance ; 
for if the centre of gravity is abaft the centre of lateral 
resbtance, and the impulse of the rudder is not sufficient to 
oounteract the opposite tendency to turn, the ship will be 
very difficult, if not impossible, to tack; whereas, if the 
centre of gravity is before the centre of lateral reBiBtaaoe, the 
ship may be tacked by means of the sails alone. 

24cL Centre of Effort — This term has been already fre- 
quently used, and it has been understood to refer to the 
centre of application of the propelling impulse of the wind 
on the sails. As the manner in which the wind meets 
the sails, when the latter are braced so as to be at an acute 
angle with the wind, ia not fully understood, it is impossible 
to detennine the centre of effort exactly* For all practical 
purposeSy however, it is taken at the centre of gravity of tiie 
surface <k the sails. Only the plain boU is taken into account^ 
and in calculating the position of the point the yards, sheets, 
eta, are supposed to be all braced and hauled into a fore-and- 
aft line. Thesail plans shown by Plates LTT. to UV. lepire- 
sent the sails in tlds condition. 

The first thing to be done is to find the geometrical 
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oenireof giayityof eadisail. The methods of finding these 
points for aiess of the kind are giyen at Arts. 20 to 22. 
Moments axe talran about the load waterline for the yertioal 
position, BXid about a vertioal line through the centre of 
gravity of the immersed vertical longitudinal middle line 
plane for the longitudinal position of the centre of effort. 
Ttke area of each nil is multiplied by the distance of its 
centre of gravity above the load water-line, and the sum of 
thes6 products divided by the sum of the areas gives the 
vertical distance of the centre of effort above the load 
vrater-line. A similar course is pursued for its longitudinal 
position, only that the difference of the products on both 
sides of the vertical line is divided by the sum of the areas, 
the distance being set off on that side of the line upon which 
is the excess of moments. 'This is invariably found to be on 
the foi'e side, but as the centre of lateral resistance is usually 
at a still ^eatcr distance on that side of the vertical line, the 
tendency is usually in the direction of ardency (see lig. 3, 
Plate LI v.). 

242. Speed under Sail. — The impossibility of determining 
the proportion of the force of the wind which acts perpen- 
dicular to a sail, especially when the sail is braced to an 
angle of less than 60 degrees with the apparent direction of 
the wind, also renders it impossible to determine the total 
propelling force acting upon a vessel under sail. If it were 
possible to determine the lluid resistance, direct and frictional, 
opposed to a vessel when she has attained her maxinuim 
speed under a certain area of sail, with the wind blowing at 
a certain angle to her keel and at a certain pressure per 
square foot, the proportion which the propelling component 
of that pressure bears to the whole could be readily deter- 
mined. But the present state of our knowledge regarding 
the resistance of fluids and the vaiying frictional character of 
the surface of a ship's bottom renders this problem insoluble. 
Hence, in order to determine the probable speed of a ship 
under sail, we are compelled to refer to the performance of 
another ship of similar fonn> similar suifiBicei and whose ai*ea 
of sail is known. 

The chief element in the resistance offered to a ship's motion 
ia the friction of the water on the surface of her bottom, 
4fi Y 
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Hence if there are two vessels of similar form bat of differeat 
dimensions, then aasmning the frictional nature of [the sar- 
£9Mses of their bottoms to be the same in both oases, tiie areas 
of sail to produoe a giTen driving or propelling force imdar 
the same conditions of wind, weather, etc., will be propor- 
tionate to the areas of the inuneraed smCMses of their bottons. 
n the veesdbEi are simihir the areas of these sur&oee will vaij 
as 2>l : J}A where 2> and are the diaplacementB of tiie 
vessels. Let A and be the areas of pIsiitL sail so deter- 
mined for vessels whose displacements are D and reiqpeo- 
tivelj. Then, if 8 and S^^ be the speeds of the two vends 
having thus pi oportionato propelling powers, 



Kthe speeds are required to be the same 

which gives the area of plain sail required in order that a 
vessel of given displacement may attain a given speed ; the 
area of plain sail to enable a vessel of similar fonn, etc., and 
of given displacement to sail at that speed under similar cir- 
cumstances being known. It is a necessaiy condition for the 
above that the lengths of both the vessels do not fall short of 
the lowest limits which experience shows to be suited for 
that speed. 

Another kind of resistance is that due to the vesseVs bulk 
being moved through the water at a given speed, and forcing 
the water awav on all sides in the same manner as if she 

ft/ 

were excavating a canal for herself. This resistance varies as 
the areas of the immersed midship sections^ or if to sajr* 
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Witli this assumption, the speeds of two vessels of similar 
foim whose areas of plain sail are A and will vary thus : 

S : Sj = : 

and if /S is ec[ual to JSi 




Again, the work performed in moving ships at a given speed, 
irrespective of friction or form, varies as the weight or as the 
displacement. By this mode of comparisony in order that the 
ships may have the same speed. 




As will be seen by the notes on %. 3, Plate LIY., it is usnal 
to give each of these three values, viz., area of plain mil per 
nnit of 2)3, M and D, upon every A^nixalty sail drawing, 
as three valuable oriterions whereby the speed of the ship 
under sail may be determined. 

843. Stability under Sail— L Steady impulse and imaU 
vncUmaikn of ship. — In fig. 3, Plate LY., PC represents in 
direction and magnitude tihe apparent velodly of the wind, 
and, as already shown, RG is the component normal to the 
sail, also NC is the propelling component, while RN is the 
transverse component that produces heeling and leeway. If 
RC = P, then NC = P sin a, and RN-P cos a. Let d the 
angle of the ship's heel under the steady pressure of the wind 
whose intensity is P cos a acting horizontally. Let D = the 
displacement, A the area of sail, GM the height of transverse 
metiiccntre above centre of gravity, and CL the height of the 
centre of elibrt above the centre of lateral resistance. Tho 
heeling moment of the wind is ^ x P cos a cos 6 x CL, and 
tlie moment of statical stability of the ship at tho angle 0 
(siii)posing d so small that the value of GM remains constant) 
is i> X GM sin 6. Hence, if the ship is inclined steadily with 
a uniform pressure of the wind, 

A X P cos a cos 6 X CL= D x GM sin 9, 

It is usual when fixing the area of plain sail which a ship 
shall carry to fussume the heeling com|K)nent of the pressure 
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of the wind to be 1 lb. per aquare foot, and the angle Q is 
fixed at 4 degrees. 

Hence Ax CL=D* x GM tin 4^ 

The figures on the lij^t hand side ef this equation being 
known, uiose on the other side are easily detennined. The 
value of CL vill be govmied by the height of the tig 
generally, it bdng evident that for the same value of A there 
may be considerable variations in the length of 0L» It may 
here be remarked that the point or the centre of lateral 
xedstanoe, is situated at about a half of the mean draught of 
the ship; but it is usual to measure CL from the centre of 
effort to the water-line, which gives a length of about an 
eighth less than the real value. 

For purposes of comparison it has been usual in the Eojal 

Navy to obtain the value of ^^ q^ for each ship, and use it 

as a measure of her efficiency to stand up under the pressure 
of ^vind on her canvas. It, of course, represents the initial 
power of a ship to resist the inclining force of the wind ou 
her sails, and in most cases has been found to range between 
15 and 25 when the ship is at her load draught. 

244. II. /Steady impulse and any angle of inclination. — 
For comparisons at finite angles of inclination the curv'e of 
stability is referred to. As will be remembered, this curve 
represents by its ordinates the arm of the righting couple at 
every angle of heel, until the stability vanishes. Thus if it 
be required to know what angle the ship will be inclined by 
a steady pressure of the wind at any given intensity; if P 
be that intensity of pressure in pounds per square foot, 
Ay>F CL is the total heeling moment in foot-pounds; and 

if /> = the displacement in pottnds, ^ is the length of 

GZ, or the arm of the righting couple necessary for the ship 
to remain steady, inclined at the required angle, and by re- 
ferring to the curve, the angle at which the value of GZ is 
equal to that required, is the angle at which the ahip will be 
inclined. 

In this expression, by using A xF kCLwq have neglected 
* I) is here exptemed in poimds avoirdupois. 
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the reduction in the effective heeling pressure of the wind 
due to the sails being inclined away from the upright position. 
At small angles the diminution in the effective pressure 
would be very slight indeed, owing to the " bellying of the 
sails." We bare pvevioualj mentioned that the effective 
piessnre of the wind has bean variously taken to vary as the 
sine, and the sine squared of the angle of incidence, which 
angle is, of course, the compliment of the angle of heeL 
Some experiments made by the Boyal Academy of Paris 
show that neither of these assumed variations is correct^ 
although that of the sine squared is practically so at angles 
of incidence varying from 60^ to 90^, or angle of heel varying 
from 30^ to 0^ As the wind pressure rarely heels a ship 
beyond the former angle, it is sufficient for our purpose if we 
take the sine squared " variation as correct Mr. Wildish, 
whose paper has already been quoted in this chapter, has 
given therein curves representing the effective pressures of 
the wind at every angle of incidence, obtained by the sine 
and sine squared assumpttons and the curve as found by the 
Acad^y of Paris in weir eiqperiments with regExd to the 
oblique impulses of fluids (see Plate LYI., fig. 2). This last 
curve explains what we have stated in Art 237, with refer- 
ence to tiie rematkable effec^ve impulse of ike wind when 
sailing ''dose hauled,** a phenomenon with which all sailors 
and many landsmen are fimdliar. 

In fig. 1 of the same Plate will be found another series of 
curves calculated for three typical ships, viz., the Inconstant^ 
a fast corvette, the Monarchy a high-sided armoured frigate, 
and the Captain, a turret ship of low freeboard. The cui-ves 
marked (7, C, C, are the cur%'e8 of stability of these ships, the 
ordinates being the righting levers; those marked A^A^ A, are 
the curves of absolute stability of the same ships, the ordi- 
nates in this case representing the actual moments of st{ibility 
at the different angles ; while the curves marked Z/, i/, 7), 
represent the absolute powers of the ships to carry sail, the 
ordinates representing the ratios of the aljsolutc nioinonts of 
stability to the moments of the sails at the several angles of 
inclination. In these last-mentioned curves the eflbcts of the 
oblique impulse of the wind at the several angles of heel has 
been taken into account, as given by the Paris experimental 
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ciirvo. It should be remarked tliat in these curves it ia 
a^umed that the masts have no rake, and that the yards are 
braced square to the direction of the wind. 

246. IIL Effect of a Gust of Wind.*— The kaowledge 
of a ship's statical stability at any particular angle, anid 
therefore the area of sail she can carry, so as not to exceed 
an angle of safety with a steady pressure of the wind of a 
known intensity, is not sufficient to determine the question 
of her freedom from or liability to capsizing. In practioe 
the problem must be considered dynamically, as it frequently 
happens that a vessel is one moment becalmed and the next 
she is caught by a gust of wind which, if suddenly applied, 
would have the effect of heeling her over to, approximately, 
twice the angle which the same force would keep her to if 
steadily applied. Beally sudden gusts of wind are perhaps 
never met with, nevertheless a ship when passing a headland, 
behind which she has been shielded from the wind, suddenly 
becomes exposed to the full intensity of a steady breeze; and 
oven when on the open sea she is frequently assailed by a 
blast of some minutes duration, exceeding in force the wind 
under the influence of which she was previously steadily 
inclined. 

Eig. 1, Plate LVxl., represents the curve of absolute 
StabiUty of a ship; the ordinates being proportional to the 
lighting moments at the several angles from zero to 60^, at 
which angle the stability vanishes. Suppose this ship ex- 
posed suddenly to the action of a steady breeze producing a 
heeling moment of sail pressure equal to 6000 foot^ons. The 
ship at once begins to heel over, and at 15 degrees f this heel- 
ing moment is exactly balanced by the righting moment of 
the ship. If the pressure had beian very gradually applied 
the ship would remain inclined at this angle, but in the 
present case the vessel will not stop here, as the mechasii- 
Cal work done while the ship has been inclining to thia 
angle is represented by the area of the rectangle Oapbf 

* The ideas contained in the following remarks are suggested by 
fepaper contributed to No. 1 of the Annual of the Royal School of 
Myil Axohitectare, by the Principal, G. W. Merrifield, F.B.S. 

t The diminution oi the heeling force, due to the oblique impulse 
of the wind on the sails when the ship is ipclined, is n^^cted in tlio 
following oonsiderationa. 
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whereas the work absorbed by the ship, i.e., the dynamical 
stability at that angle, is represented by the area of the figure 
Ospb ; hence mcclianical work lias been accumulated equal to 
the area Ospa. The ship will therefore continue to heel over 
until this work lias been expended. This occiu^s when the 
ship has gone over to 2G degi*ees, when the area ptr is 
equal to the area aOsp, or, in other words, when the area 
Oprc — the dynamical staldlity at 2G degrees — is equal to the 
area of the rectange Oatc^ for it must be remembered that the 
wind has been steadily blowing all the time. The ship ^vill 
then begin a return oscillation under the injiuenc© of a right- 
ing moment represented by tr or ph. 

Next, suppose that the steady pressure of the wind is 
equal to a heeling moment of 12,000 foot-tons, and that the 
wind is again suddenly applied. At 20 degrees tlio heeling 
moment is balanced by the righting moment, and if the wind 
had gradually increased to this force, the ship would remain 
inclined at that angle. But in this case mechanical work 
has been perfonned by the sudden application of the wind, 
which is represented by the area of the rectangle Odytie, of 
which only the portion represented by the area of the figure 
Opme has been consumed, consequently there remains 
mechanical work represented by the area of the figure Opmd, 
which nnist also be consumed before the vessel ceases to heel. 
This occurs at 60 degrees, where the area of the rectangle 
Odfh is equal to the area of the figure OpMfL The rect- 
angle emf h represents the work done by the wind while the 
inclination has been taking place. The work done in heeling 
her to the statical angle of 20 degrees has now been con- 
sumed, and the vessel is inclined at 50 degrees. But her 
moment of stability at 50 degrees is the same as at 20 degrees; 
hence, while the wind blows at this pressure the ship cannot • 
right herself, whereas the smallest addition to the heeling 
moment, or a slight wave disturbancei will cause her to go 
right over and capsize. 

In the preceding observations many things have not been 
taken into account which would tend to reduce the extent of 
the heel produced by a suddenly applied breeze of wind. For 
instance : the reduction in pressure due to oblique impulse 
of the windy also the fiictum of the water on the ship's bottom 
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and the reaurtaooe doe to bilge or otlierkeels; on the otiier hand, 
the effect of waTOB^ which would at one moment tend to zig^l^ 
and at the next to upset the ship, must not be lost ng^t oC 
Again, the wind has been supposed to oome snddenlj upon 
the ship and lart long enough to capsiBe her. Now this is 
contra^ to general experience, which teaches ns that — 
espeoiallj on the ooean — iSbe maximum force of the wind is 
not at once attained. Gonseqnently, instead of graphically 
representing the dynamical heeling moment of the wind bj 
a straight Ime, sudi tmaiotd/ (fig. 1, Plate LYIL), paxalld 
to the base line, it should rather be represented hj a carve 
On\fy as in %. 2 of the same Plate. If this cunre conld be 
accurately drawn, so as to represent the worst possible case 
that could be encountered, then all we have to do is to ensnre 
that the cui've of absolute stability is such that the area 
wiJ// is greater than the area Opmd. 

Jt" tlie etfect of waves is taken into account, and their 
ani})litiRlc is known, then since the effect of the wave is to 
alternately right and incline the ship, we should take the 
woi'st view of the case, and consider only the latter effect, 
which would be to make the curve of absolute stability fall 
within the other, as showed by the ticked lines Op^m^M^ 
Then the area of m^Mf^ should be greater than that of Op^Jii^d. 
We have, however, no data at present for constructing such 
a curve as that shown by the ticked line. 
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PART V, 



CALCULATIONS RELATING TO PROPULSION OJF 
SHIPS BY STEAM ENGINES. 



CHAPTEE X. 

Reaction of the Water — Slip, etc. —Experiments on 11. M. Ship 
Greyhound — Law of Resistance — Comparative Performances of 
Steam Ships — Constants of Perfoimance — The Measured Mile— 
Mean Speed—- Triab at varied Speeds— Negative Slip. 

fMS, Steam Propulsion. — The application of the steam 
engine to marine propulsion has not only caused great changes 
in the forms of ships and their modes of constmction, but has 
also contributed a great element of exactness in regard to 
calculations of their speeds. The sailing ship is dependent 
upon the direction and velodity of the winds, which are ever 
Tarying, so that it is impossible to predict what speed the 
vessel will make under any other, circumstances than the 
most favourable. But when steam is the motive power, it 
is so &r under our control thal^ so long as the engines are in 
working order and llie coals hold out, a definite propelling 
power can be relied upon. 

847. Beaotion of the Water— Slip, etc.— There are several 
modes of applying the work developed by a steam engine in 
propelling a vessel; the principal of which are the screw and 
paddle-wheel. All propellors act by driving water in the 
opposite direction to that of tlie ship's motion, and it is the 
reaction of the water so driven back which, being ti-ansmitted 
through the propeller to the bearini^s of the'shaft, and thence 
to the vciiiiel, drives her ahead. Hence when the vessel is 



Digitized by Google 



346 TUBOKBTIGAL VAYAL ABCMlTIBCTU&g. 



moTing with a mufonn velodiy the reaction of ihe water is 
equal to the renatanoe offered to the ship. 

Now if the propeller were actmg in an unyielding medimny 
the speed of the ship would be the same as the fore and aft 
speed of the propeller. In the case of a paddlo-wheel pro- 
peller tiie speed of the ship woidd be the same as that with 
which the paddle floats rotate; and in the case of a screw 
pro])eller) the speed of the ship per minute would be the pro- 
duct of the number of rerolutions per minute, and the pitch 
of the screw. But water is not an unyielding medium, and 
hence tiie propeller really forces back the water it meets, 
with a certain velocity relatiTely to sti]! water. This velocity 
is termed the slip. The velod^ of the backward current of 
water relatively to the ship Is die sum of the slip and the 
TesseUs speed, and this is termed the velocity of the propeller. 

The efficiency of apropeUer is the proportion which the 
useful work, performed in driving the vessel, bears to the 
whole energy expended in moving the propeller. If there 
were no friction in the machinery and shaft bearings, and no 
action of the propeller on the water, except that of driving 
it right astern, then the efficiency of the propeller would bo 
hi 11 J ply the ratio of the speed of the vessel to that of the pro- 
peller. But unfortunately thei*e is considerable friction 
among the parts of the engine and at the shaft bearings, 
there is also the aii'-pump duty, and in addition there ai*e 
transvei*se and vertical motions imparted to the water, and 
resistances overcome, which reduce the efficiency to a small 
fraction. 

248. Experiments on H.M.S. Greyhound. — Some experi- 
ments recently niiule on H.M.S. Greyhound, by Mr. Froude, 
have yielded valuable information regarding the efficiency of 
propellers.* The Greyhound is a screw sloop of about 1200 
tons displacement, her length between perpendiculai*s being 
1 72 feet G inches, breadth extreme 33 feet 2 inches, and mean 
draught of water 13 feet 9 inches. These experiments were 
made by towing the vessel witli H.M.S. Active, the stress 
on the tow rope being registered with a dynamometer. At 
the same time the speed of the ship was accurately observed, 

* See Mr. Froude's paper in VoL XV. of the TranmitwnB qf tk$ 
ImtUiUion o/ JN'aval ArchUects* 
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also tbe power indicated by the engines, and the speed of 
the screw. 

LoM of JSesistance. — It was found in the case of this 
vessel that np to about 8 knots per hoar the resistanoe is 
almost exactly proportional to the square of the speed, 
and that it is expressed by the term 88 V* ; being about 
5600 pounds or 2} tons at 8 knots. Above 8 knots it 
increases more rapidly, so that at 12*8 knots^ — ^the highest 
speed attained — inst^id of being only 1 1,400 pounds, as it 
would have been if the law had been unchanged, it has 
risen to 24,000 lbs., or nearly lOf tons. 

The result of experiments at lighter displacements showed 
that with 19 1 per cent less displacement, 16^ per cent, less 
area of immersed midship section, and 8 per cent, less wetted 
surface, there was a reduction of 10^ per cent, in the resist- 
ance, thus showing that near the load draught the resistance 
does not increase so rapidly as the displacement — a most 
valuable fact from an economical point of view. Mr. Froude 
says in his summary of the results : " Lightening, and so 
diminishing the displacement of the shi}), did not seem in 
the case of the Gretjhound to be pr()j)ortionately advantage- 
ous. This result, so fai" as it goes, indicates a superiority as 
regards resistance in deep rather than broad shijis." 

The following results are interesting, as exliibiting the 
small amount of resistance that ships offer. The actual 
towing strains on the Greyhound were as follows, at the 
several speeds named : — 



Mr. Eroude says in Ms paper : — 

'*A compftriBon between the indicated hotse-power of the Orey* 

houndf when on her steam triab» and the resistance of the ship, as 
determined by the dynamometer, shows that, making allowance for 
the slip of the screw, which is a legitimate expenditure of power, 
only about 45 per cent, of the power exerted by the steam is usefully 
employed in propelling the ship, and that no less than 68 per cent, la 
wasted in friction of engines and screw, and in the detrimental reac- 
tion of the propeller on the stream-liiUBs of the water dosing in 
around the stem of the yeeseL^' 



At 4 knots, 



0-6 ton, 




1*4 „ 

2-6 „ 

4-7 „ 

90 „ 
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Mr. Fi oiulc fui-ther remarks in a foot note — 

" This last-meutioned cause of waste in the propulsion of ships is 
one to whieh I have for • long time past npestedly caDed attennoiu 

. . . The subject is of immense imponance ; for, making eveiy 
allowance for the power employed in overcoming friction of engines 
ati'l screw, there remains in the case of the Oreyhouml some 40 per 
cent, of waste, an amount the true cause of which is certainly worthy 

of investigation." 

In the last sentence iSlv. Fronde refers to the action of the 
screw, when close to the stern of a vessel, in diminishing the 
hydrodynamic pressure of the water against the " run," and 
thus causing an increase in the head resistance of the vessel. 
This is es})ecially the case in a ship with a full stern or 
" run and it is seen by the preceding figures to be con- 
siderable even in the Grey/mt^nd, which has a tolerably fine 
« run." 

The following table is very instructive, as it shows a com- 
pai'isuii between the apparent thrust of the propeller and tbo 
actual resistance of the ship. Mr. Froude has imported into 
the comparison the results of a trial of the Mutine, a sister 
ship to the Greyhound^ at precisely the same displacement. 



Ship. 


I.H p. on 
MeasumI Mile 
Trial. 


Speed of Screw in 
feet per minute. 


Indicated Thrust 
in pounds, i.e., 
1. H. P. X 33,000 


Speed of Screw. 


True Resistance 
in pounds, de- 
duced from Tow- 
ing experiments. 


« 

c 

s 

I 

o 

1 


Indicated Tlinist. 




7S6 
453 
770 
328 


1245 
1039 
1230 
952 


20,830 
14,390 
20,e60 
11,380 


10,770 
6,200 
9,440 
4*770 


•517 
•431 
•457 
MH9 



849. GomparatiTe Performances of Steamships. — As 
mentioned in the previous chapter, the suifiEU^ frictional 
resistfiuaces of ships at a given speed are proportional to the 
cabe roots of the squares of the displacements, provided the 
lengths of the yeseels do not fall short of the lowest limit 
suited for that speed. It has been iisnal to assome that 
under the same limitations the engine power increases as the 
cube of the speed. By reference to the list of actual towing 
Btrains on the Greyhxlrndf at different apeeds between 4 and 
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12 knots per hour, which are giTen in the preceding Article, 
it will be seen that at the low epeeds, from 4 to 8 knots, the 
resistances varied as the squares of the speeds, but beyond 
that velocity the resistance increased at a mnch more rapid 
rate. For instance^ if the ratio between the resistances at 
8 and 10 knots were as the cubes of the speeds, then 2*5 
tons being the towing strain at the foimer speedy 4*9 tons 
would be the strain at the latter speed, whereas the experi- 
ment showed that 4*7 tons were required, thus showing that 
the resistance increased nearly as the cubes. Again, if the 
ratio were as the cubes, the towing strain at 10 knots being 
4'7 tons, therefore 8*1 tons would be the strain at 12 knots, 
whereas the result showed 9*0 tons. Thus we see that the 
rate of increase of the resistance from 10 to 12 knots is 
greater in this ship than from 8 to 10 knots. It will be 
found that, when a vessel is steaming at a speed for which 
her length and lines are adapted, the ratio of the increase, or 
diminution of the resistance at speeds slightly greater or less 
than that speed, is as the squares of the speeds; and if 
the vessel is driven at a much higher speed, the rate of 
increase is given by the cubes, and even higher powers, while 
if driven at a speed not much in excess of that for which she 
is adapted, the rates of increase of resistance will be some- 
where between that of the cubes and the squares of the 
speeds. The results given by the experiments on the Gre^^ 
hound show that her lines are best adapted for a speed of 
from 7 to 8 knots. 

It is usual in ordinary calculations to consider that the 
resistance of a vessel varies as the square of her velocity, and 
therefore that the power required to produce that velocity 
varies as the cube, and that the useful effect of the engine, 
that is, the effect which remains after deducting the power 
absorbed in overcoming fiiction, working air-pumps, etc., 
bears a constant ratio to the power developed in the cylinder, 
known by the term ''indicated horse-power." As ships are 
usually ^ven at a higher speed than their lines are intended 
for, it is probable that the power required usually varies 
as a higher power than the cube of the speed. In practice, 
however, it is assumed that if j>l is multiplied by the cube 
of the speed and divided by the indicated engine power, 
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a quotient will be obtained whose magnitude is a test of 
the comparative economy of power in diflerent vessels as 
the result of the whole combination of ship, propeller, and 
c'liLjiue. This quotient is termed the constant for dis- 
2)laceiacnt, If the displacement is expressed in tons, the 
speed in knots i>er hour, and the engine power in indicated 
horse-power, tlie value of this constant ranges from about 
200 to 260 in crood examples. Table XI. gives the values 
of this const;int for displacement of different vessels, as 
detennined by trials on the measured mile at different speeds. 
The algebraical expression for this constant is — 



• -1 



* LH.P. 

where the denominator represents the indicated hoi'se-power. 

In determining the indicated horse-power which will be 
ref[uirtMl to drive at a given speed a vessel whose design is 
being prepared, supposing that speed to be witluii tho 
ordinary limit to which such a vessel may be econoinicrilly 
driven, it is usual to refer to the constant of performance of 
a vessel of similar form and similarly propelled when upon 
trial at the measured mile, at a time when she made 
about the same speed as it is required the vessel being 
designed shall make. Then if S is the required speed, 1) 
the displacement of the proposed vessel^ and the con* 
stant chosen — 

SinceO=4^ 
LH.P. 



Anoliher constant is used for the same puxpofle by supposing 
that the resistance varies as the areit of midship section. 
The basis of this assumption was given in the last chapter ; 
as already stated^ it is founded on the supposition that the 
resistance due to farcing the water out of the vessel's way as 
she excavates her course, varies in vessels of similar form as 
the areas of the immersed midship sections, Terming this 
constant thei| 
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... LH.P.=1^ 

If the selected case whose oonstantB of perfonnaaioe htAh, 
of displacement and midship sectioii axe used is a good 
one for comparison, then the values of LH,P., determined 
from dI and M, will be Yery nearly eqiial ; in which case it 
is usual to take the mean of the results in deciding upon the 
indicated horse-power which will be required for the intended 
speed. Table XI., already referred to, gives the values of 
and Ca for the several slii])s therein named. 

As will be evident by referring to the expressions for 
these constants, low speeds with the same values of D and 
I.H.P. produce low constants, and if the I.H.P. for any 
speed is excessive, the constant is also low. Thns, con- 
sidering the speed attained with a certain horse-power as a 
criterion of a vessel's eflBciency, a low constant is an indica- 
tion of a fault in the ship, jnojjeller, or engines. Of late 
years it has been found desirable to keep the lengths of 
armoured ships within the limits which are economically 
necessary for their sj^eeds, this being done to increase their 
handiness, reduce their first cost, and the cost of mainten- 
ance. These ships show low constants, and although this 
seems to indicate a fault in the dimensions of the vessels, yet 
there is no fault in reality, as such results were contemplated 
and provided for in the engine-power ; it being considered 
more desii-able to propel the ships imeconomically than to 
secure economy of propulsion at the cost of handiness and a 
large expenditure of money (see constants of BeUerophorij as 
compared with those of Himalaya^ ^orthtmberlandf and 
WamoTj in Table XL) 

250. The Measured Mile. — When a ship is built and 
engined, her speed is determined by trial at a measured 
" knot " or nautical mile. This is done for the twofold pur- 
pose of discovering the power indicated by the engines apd 
the speed of the ship. In the event of the former not being 
so great as was contemplated, or as en^^es of the ])articular 
dewriptioxi shoiild dev^op, alteiutions are mfbde^ followed b^ 
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other trials, iiii^ iho reqniremeatB of the engineer axe 
xealiaed. Tlieee altemtions may afibct the nature a^d pitch 
of the propeller^ as well as the eyapoiatiTe power of the 
boilen and the effidencj of the engineB. The measured mile 
trial is necessarily more an engineer's than a shipbuilder's 
question; nevertheless the latt^ is deeply interested in the 
result^ in order that he may discover therefirom whether the 
constants used in Hke design are suitable, and that he may 
obtain constants for reference in designing future vessels. 
Having designed for a certain speed with the development 
of a given horse-power, it is a matter of importance to him 
to discover whether with that power the form and dimensions 
of the vessel are such as to give the desired speed. It m 
also important to discover the consumption of fuel per indi- 
cated horse-power per hour, both with full and half boiler 
power, in order to know how many days of such full steam- 
ing the bunker capacity will permit, and the distance which 
the coal stowage will drive the ship. At the measured mile 
trials, too, it is usual to determine the steering qualities of 
tlie shi}), by measuring the diameter of the circle in which 
she turns when the helm is hard over. Also, in the case of 
twin screw vessels, the 2)0wer of the propellers to turn tlio 
ship when acting alone is obsei'ved. The slip and general 
efHciency of the propeller are likewise discovered on these 
trials. 

The limits of the measured mile are known to the pilot by 
his observing when certain landmarks are in a line with each 
other, the mile being so set oft' that at its beginning and 
termination certain objects on the shore are thus situated 
with regard to each other. The exact time during which 
the vessel is running the mile being observed, the rate in 
knots per hour is readily found. The ship commences to 
steam at full power some time before reaching the beginning 
of the course, and the object aimed at is to steam with, 
uniform speed throughout until the vessel is " off the mile.** 
Owing to the currents which continually flow in different 
directions along our shores, the speed due to the engine 
power is always either increased or diminished by the move- 
ment of the sea due to these cun-ents ; consequently runs are 
made upon the mile in both directions of its length, and the 
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mean speed of an even number of runs gives tlie speed due to 
the engines only. The same precaution eliminates the effect 
of the force due to the wind on the vessel's hull and l igging. 

If the speed of the current and force of the wind were 
uniform throughout the whole of the trials, the mean of two 
runs would give the same result — the same ])oiler-power 
being supposed to be developed — as the mean of any other 
even number. But owing to the length of time occupied by 
these trials such is never the case, for a ship may commence 
to run aided by a slack current, and make her last run while 
retarded bv a strong? current in the same direction. In fact 
the forces, and even the directions of the currents, within 
limits, are continually varying; if by some law, that law is 
unknown, and consequently, in order to eliminate the eU'ect 
of these currents and that of the wind, the mean of the 
means of all the speeds of an even number of runs is taken 
by a method based upon the calculus of finite diflferences. 

For instance, suppose a vessel makes six runs upon a 
measured mile, three with the current and three against, 
with the following results as regards speed : — 

KnoU. 



Istmii, 16*4 

and „ 11-1 

3rd „ 15-3 

4th „ 12 0 

6th „ 14 2 

6th „ 12-8 



These figures are arranged as follows, and the means of con- 
secutive speeds continually found until only one mean remains, 
which is taken as the true speed of the ship in still water. 

Knota. 

l8t,....16*4 



3rd,. ...15*3 

4th 12-0 

5th,... 14-2 

6tli,.. ..12-8 
6)81*3 
13^ 

4b 



..13-75 
..13-20 
..13-65 
..1310 
..13-50 



...13-475 

...13-425 
...13-376 
...13-300 



I ...13-450 
...13-400 
...13-337 



..1342 
..13-37 



}.. 13-39 
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The nuBon speed is Ham found to be 13*39 knotSi wlimas 
the aiverage sp^ed is 13*63 knots. In the merchant service 
the latter would frequently be accepted as the speed of the 
ship^ but the Admixalty and some <^ the principal sliipbuild- 
ing firms take tiie fonner result. The difference, in this 
case amounting to about a quarter of a knot per houTy is 
important. Sometimes the method by differences gi\ es a 
higher result than that of the average, but in any case the 
Ajdmirally method is superior in accuracy to the o&er. 

In the example just given, by finding the differences 
between the zeal speed of the ship and me obsenred speed 
on the mile during the several runs, we shall find that the 
speeds of the current in the line of the ship's coiuse during 
the trials were as follow : — 

IstnUy 3*01 knoia witb> the ship. 

2nd 2*29 against „ 

3rd „ 1-91 ,, with „ 

4tli 1-39 against „ 

6th '81 ,, with 

6th ,, '59 against ,, 

So tliat the speed of the current in the direction of the course 
was diminished during the trials from 3 '01 to '59 knots per 
hour; also that the speeds of the current aiding the ship were 
3"01, 1*91, and '81 knots, or a mean of 1'91 knots ; while the 
speeds retarding the ship were 2*29, 1*39, and '59 knots, or a 
mean of 1*42 knots. Thus the ship received more assistance 
than she suffered retardation from the current, and conse- 
quently the average of the speeds gave more than the rciil 
speed of the ship in still water. Had the first run been 
against the tide and the last with it, the variation in the 
speed of the current being the same as in the example, the 
average would have given a lower value than the true speed. 
Hence, if all the trials of a ship are made in the space of 
about four hours, commencing on the full strength of a tidal 
current and ending just at high or low water; if the fii-st 
run is made with the tide, the result by the method of 
averages will represent the ship's speed to be better than it 
really is, whereas if the first run is made against the tide, the 
result is worse than the truth. It is quite within the range 
of possibility that engineers and shipbuilders have ere now 
takea adyaata^ of this fact* 
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S51. Steam Trials at Varied Speeds.— Mr. Denuy, the 

BHpbuilder of Dumbarton, has discarded the conventional 

system of measured mile trials at full speed and half-boiler 
power, and now tries each of his ships at four or even five 
speeds, thereby obtaining data from which a curve of indi- 
cated lioisc-power can be constructed representing its value 
from the lowest to the. highest speeds. By the ordinary 
measured mile trials only two spots in the ciu've can be 
determined, and these at compamtively high speeds, leaving 
no information regarding the lower speeds. At tho annual 
meetings of tho Institution of Naval Architects in April 
187G, Mr. W. Froude, F.R.S., read a paper upon the subject, 
in which he gave the results of some investigations which he 
had made regarding the ratios of indicated to effective horse- 
power as elucidated by these trials on certain ships. Tho 
results are so important that this chapter would be incomplete 
without some reference to these ingenious investigations into 
the several resistances which subtract from the work per- 
formed in the cylinders before it is effectively employed in 
propelling the ship. 

Mr. Froude truly says that the "so-called constants of 
perfoniumce are invariably variable and incomistmt" being 
based, as we have alieady said, upon the assumption that 
resistance must vaiy as the square of the speed, and horse- 
power as its cube. Mr. Denny's trials furnish important 
information regarding engine friction, and explain very 
clearly the sources of that diminution from the indicated 
power of the engines, which results in only about 37 to 
40 per cent, of t^e whole power delivered being usefully 
employed. 

Mr. Froude says — 

"I have always felt that the system of reducing the results of 
steam trials to indicated horse-power, though no doubt furnishing a 
true expression in a commercial sense of the relative merits of the 
ship under trial, tended, nevertheless, to clond the nal irignlfioancft 
of the record, viewed as snggeetive of those spcciahties <n form or 
condition which have really governed the ship's performance, not 
only because indicated horse power includes in one large term tho 
merits of the ship, the engine, and the propeller, but because the 
tem into which it croups these items is complicated by the intio* 
dnction of the speed factor, instead of representing them nnder their 
elementary form of force simply. With this view» em nnef 
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I have entered into such investigations, I have invariably converted 
the hone-power term to a force tenn by simply dividing it by a speed 
factor ; ana, as shaping the reduction into its most natural and oppo- 
site form, I have adopted as the divisor the speed of the propeller, 
expressed, not hy its revolutions nakedly, but by its revolutions x 
its pitch, that is to say, the virtual travel of the force delivered by 
the propeller. The result thus obtained from the indicated horse- 
power I have termed 'indicated thmst;' it is, in fact, the thrust 
which the propeller would be exerting if the force of the steam 
were employed wholly in creating thrust, instead of partly in over- 
coming friction, driving the air-pump, and overcoming other colla- 
teral resistances. Indicated thrust is simply a constant multiple of the 
mean steam pressure on the piston; andif this were given in the 
records of the trials, indicated thmst is 

mean piston pressure x to tal piston travel per revolution ^ 

pitch of propeller ' 

when, however (as is commonly the case^, the LH.P. alone is given, 
then the expression for indicated thrust is 

33, 000 X L H.P. 

pitch X revolutions*' 

** When decomposed into its constituent parts, indicated thrust is 
resolved into several elements, which must be enumerated and kept 
in view* 

''These elements are : — 1. The useful thmst, or ship's true resist- 
ance. 2. The augmentation of resistance, which, as I have pointed 
out in many -previous papers, is due to the diminution which the 
action of the propeller creates in the pressure of the water against 
the stem end of the ship. 3. The equivalent of the friction of the 
screw blades in their eogeway motion throuj^ the water. 4. The 
equiyalent of the friction due to the dead weight of the working 
parts, piston packings, and the like, which constitute the initial or 
slow speed friction of the engine. 5. The equivalent of friction of 
the engines due to the working load. 6. The equivalent of air-pump 
and feed-pump duty. 

It is probable that 2, 3, and 4 of the above list are all veiy nearly 
proportional to the useful thrust ; 6 is probably nearly proportional 
to the square of the number of revolutions, and thus, at least at the 
lower speeds, approximately to the useful thrust ; 5 probably remains 
constant at all speeds, and for convenience it may be regarded as con- 
stant, though perhaps in strict troth it should he termed ' initial ftw} 
Hon.' If, then, we could separate the qjuasi-constaut &iotionfrom the 
indicated thrust throughout, the remamder wonld be approximately 
proportional to the ship's true resistanoe." 

He constructs a curve which he terms a ihrut$ curv$ (see 
fig. 1, Plate LYIIL),r^teBenti]ig to scale hy its ordinates ^e 
indicated thrust at the speeds between the lowest at a and 
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tlie highest at e. The speed represented at a' is about 3 to 
5 knots. It will be observed that this curve at the lowest 
end refuses to pass tbrotigh the throBt zero, but tends towards 
a point representing a comdderable amount of thrust Mr* 
Eroude justly condudefr^ 

Tliat this apparent thmst at the zero of speed when there can be 
no real thrust, is the equivalent of what I have termed initial friction; 
so that if we could determine correctly the point at which the 
curve, if prolonged to the speed zero, would intersect the axis 0 T 
(fig. 2, Plate LVIIL), and if we were to draw a line through the 
intertedacn parallel to the base, the height whieh would be thiiB cnt 
off from the throat ordinates would represent the deduction to be 
made from them in respect of constant or initial friction, and the 
remainders of the ordinates between the new base and the curve 
would, as has been explained, be approximately proportioual to the 
ship's tme resistaiice." ^ 

Starting from the experimentally derived fact that mth 

tolerably well-shaped ships of such dimensions as those he is 

dealing with,* the resistance at such low speeds as from 3 to 

5 knojis varies as the power 1 -87 of the speed. He says : — 

** Hence, on this assumption, the lower end of the thrust curve, 
when divested of the constant friction equivalent, should be a para- 
bola in whieh the ordinate is as the power 1*87 of the abscissa: and 
since^ as we haye seen, the entire thrust, exclusive of the initial fric- 
tion, is proportionate, at least at the slow speeds, to the true resist- 
ance curve, the problem to bo solved is the very simple geometrical 
one of so drawing a parabola of this order, in connection with the 
axes of co-ordinates of the diagram, that it shall meet or join the 
existing thrust curve with an identical tangential direction. The con- 
struction by which this is efiFected is extremely simple ; at tlie point 
p, fig. 2, Plate LVIIL, near the lower end of the thrust curve, draw 
tlic tangent p' v" 't draw the vertical at K so as to cut the space oh 
into segments having the ratio indicated by the figured quantities, 
thus iiS^ng 0^=1*87 6K\ draw a line parallel to oXthrou^^h the 
point where this vertic^ cuts the tangent; the point where tms line 
cuts the thrust axis is the vertex of the required curve. 

• •«•••• 

'*Fig. 3, Plate LVIII., shows the process as completed from the 

records of the trials of Mr. Denny's 9hip, the Mtrkaink In tiiis 
diagram the curve of I.H.P.y the curve of slip, and the curve of con* 
stants, are also shown. 

"On comparing live curves thus analysed, it appears that the con- 
stant friction is equivalent to from \ to ^ of the gross load on the 

♦ The Mtrkara: length, 360 feet; breadth, 37 feet; draught, 16i 
feet ; displacement, 3980 tons. 
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eogine when working at its mxkximum speed and power. And it is 
ncS imtional to aeoept tbu relfttion provinoiially as the haoB of an 

empirical formula, since the constant friction depends to alaarge eztoit 
on tlio diameter and weight of the working parts of the engine, and 
these must bo approximately proportionate to the intended maximum 
strain, subject, of course, to some allowance for the variation which 
existi in the types of engine in nae. I nutst admit that the propor- 
tion appc»ars to me to he nnezpeotedly laige, but the process by which 
it is determined is, I think, so certain and definite that I cannot 
doubt the general soundness of the conclusion deduced by it ; and 
that conclusion seems to mo to be one of very high importance and 
significance, namely, that a screw engine when working, even at 
its most moderate and eoonomiesl speM, must be imderstood to he 
throwing awa;f in the one element of thu Motion alone^ not mdeed 
4" of its maximum power, for the engine may be now working at 
reduced speed, but a power due to I of its maximum load. Thus, in 
the case of the Merkara, when the ship is steaming at 5 knots in a 
smooth sea. one-half of her whole expenditoie of power is due to tiiis 
einmnutance. The question of the apportionment of this large 
amount of inevital)le friction between the several working parts of 
the engine, and of the proportionate degree in whicli it attaches to 
different types of engines, as well as the extent to which the evil is 
xemediable, are inquiries of great importance, bat they are more or 
less oat of my reach, and are at all events beyond my present pur- 
pose, which is satisfied by the proof — an irresistible proof as it 
appears to me — ^that the evil does exist to aboat the degree named." 

The power dne to the ship's net resistance Mr. Fronde 
designates " effective horse-power," using the symbol E.H.P. 
The horse-power due to the ship's progress (excluding slip) is 
styled S.H.P. Experiments made with models by Mr. 
Proude show that the horse-power due to (1) is 40 to 50 per 
cent, of the ship's net resistance : — he takes it at 40 per cent., 

^'Hence H.r. due to (l)=0-4 E.H.P. 

The result of his experiments for detennimxig the water 
firiUion qf %hA wtw> shows that 

H.P. due to (2)=0*1 E.H.P. 

As already investigated from the curves found by the steam 
trials, (3) is equal to \ of the total load on the engines, when 
working with the maximum intended speed and pressure- 
Hence H.P. due to (3) = 0143 S.H.P. 

The friction due to icorking load of engine at maximum 
^peed iS| he says, about the same as the dead load friction, 

6o that H.P. dne to (4)s0*143 S.H.P. 
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For the air-]m7np resiskaice lie takes the mean of Tred- 
gold's values, viz., 0 0 7 5.. 

Thus H.P. due to (5) =0-076 S.H,P. 

Combining these results he has: 

Hone-power dae to neb leaistaaoe =RH.F. 

Augmentation duo to net reslstanoe. =:0'4 E.H.P. 

Screw friction due to net resistance. =0'1 E.H.P. 

Constant friction of engines — 0"143 S.TT.P. 

Friction due to working load of engines = 0*143 8.H.P. 

Air-pump reditance = 0*075 S.H.P. 

or S.H.P. = l-5 E.H.P. + -361 S.H.P. 
BO that -639 S.H.P=:l-6 KELP. 

or S.H.P. =— E.H.P. =2-347 E.H J'. 

To this must he added the slip = 'l S.H.P.; &e irhole 
making the I.H.P. 

S.H.P* 
=2*582 KH.P. 

or E.H.P. = -387I.H.P.. 

"This conclusion," says Mr. Froude, ** agrees very fairly with 
what, as I have ah-eady pointed out, more general experience has led 
me to adopt as an average expression of the relation between indi- 
cated ana efifectiye hone-power, namely, that at high speed the 
former is about 2*7 times the latter, or the latter 37$ per cent, of 
the fonner." 

S68. Negative Slip.— -Anion^ other interesting results 
of the observations on trials of ships npon the measured mile 
is the remarkable one that sometimes the speed of the ship 
has been found to exceed that of the screw propeller.''^ That 
is to say, the product of the pitch of the screw and the 
number of revolutions in a given time has been exceeded by 
the actual distance the ship has moved through during that 
time. Hence there has not only been an absence of slip, in 
the ordinary sense of the term, observed ii])on these occasions, 
but the ship has actually moved faster than the speed due 
to the pitch of the propeller. This phenomenon has been 
termed negative slip. Various theories have been otiercd in 
explanation of this singular result. Among these it haa 

* Bee cases of /iwuia aad^orltonierbM^ in Tabte ZL 
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' been conjectured that the screw has been temporarily bent 
80 <» to increase its pitch beyond the <mgle at which it was 

sot, and that when the pressure has been removed the elas- 
ticity of tlie material composing tlio propeller has enabled it 
to recover its original form. From want of evidence, and 
by reason of the improbal)ility of the tlieory, it has not been 
accepted by competent authorities. Another theory which 
received considerable support at one time, and is even men- 
tioned as the real cause of the phenomenon in Murrai/s Ship- 
building^ is that there is a body of water following the ship 
in these cases, and that the screw working in a body of water 
having a forward velocity communicates a velocity to the 
ship over and above that due to the pitch and number of 
re\ olutions of the screw. That there frequently is a body 
of water following in the wake of vessels having ill-formed 
after bodies, is a fact well known to naval architects, and it 
has already been alluded to in this chapter. Indeed, tliero 
is very little doubt that this is a great element in the resist- 
ance of most ships, but as the propeller can only act upon 
a small portion of the following stream, the small additional 
velocity which can in this way be communicated to the ship 
is quite inadequate to accoTmt for the large percentages of 
negative slip " which have been observed in some cases. 
The explanation offered l)y Mr. E. J. Eeed in a paper road 
before the Institution of Naval Architects in 1866, and 
which was first suggested by Mr. J. B. Crossland of the 
Admiralty, is no doubt the true one. Mr. Reed attributes 
it to the elasticity of the water. He says, " All former dis- 
quisitions upon this subject have proceeded upon the assump- 
tion that the water is practically inelastic, and that the 
motion imparted to the water against which the screw pro- 
peller strikes is equal, and only equal in velocity to the 
Telocity of the screw; whereas a litUe reflection will suffice 
to show that this can hardly be the case^ and that, on the 
contrary, it is most probable that the water, struck by a 
high-speed screw, is driven off at a much greater velocily 
than iJiat of the screw, and that the momentum imparted to 
it is proportionate to this velocity." It should be added that 
in cases of negative slip the pitch is usually small, and there- 
fore the velocity of the engine gveat 
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CALCULATIONS RELATING TO THE STEERING 

OF SHIPS. 

CHAPTER XL 

Steering— The Rnclder^Principle of the Rudder—Angle of Maxi- 
mum Eflficiency — Angle of Maximum Efficiency with regard to 
Power Applied — Usual Anglo of Rudder — Areas of Kudden— 
Ratio of Pressure and Velocity — The Balanced Kudder. 

253. Steering. — The operation of gnidiiig and changing 
the direction of a ship's motion through the water is termed 
steering. A ship may be to some extent steered by sails, as 
ah'eady explained in Chapter IX., also as mentioned in the 
j>receding chapter, her course may be altered by the proper 
use of twin screws when she is propelled by steam power. 

254. The Rudder. — But bv far tlie most ctiicicnt, trust- 
worthy, and, indeed, ancient mode of ^'overning tlic direction 
of a sliip's motion is by the rudder. The rudder is commonly 
hung to the stern of the ves.sel, but in some cases when a 
vessel is double-ended, intended to move with eitlicr 
extremity foremost, a rudder is hung both at the bow 
and stern. The immersed i)art of a rudder has usually 
the forDi of a flat plate in a vertical position, capable of 
turning into different angular positions about a vertical or 
nearly vertical axis. In the common form of rudder, when 
it is at the stem, that axis is at the forward edge of the 
rudder where it is hung to the rudder post by means of 
hinge connections termed " pintles" and " braces." In what 
is termed the " balanced rudder," to be described hereafter, 
the axis is usually at one-third the breadth of the rudder from 
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its forward edge, and the nidder turns on a pivot at its lower 
end, where it is supported by the projecting after-end of the 
keel. 

265. Principle of the Rndder. — In order that the rudder 
may l>c eni])loyed in turning a ship, it is necessary that the 
latter shall liave motion, and that it maybe efficiently employed 
it is necessiiry that the s})eed of the ship shall be sufficient to 
cause the water to act upon the face of the rudder with enough 
pressure to turn the vessel. It is also necessaiy for efficiency 
that the motion of the water striking the rudder should consist 
of a steady flow astern relatively to the motion of the ship. 
Hence it is requisite that the lines of the after body should 
be fair and tine, so as not to drag a volume of water after 
the vessel, or set the pai-ticles in motion in any other way 
than directly astern; in proportion as the flow of the stream 
meeting the rudder deviates from a fore and aft direction^ the 
action of the rudder will fail to be efficient. 

When the rudder is right fore and aft, it forms part of the 
after body of the ship, and being symmetrical, with regard to 
the middle line longitudinal plane of the vessel, it ofFei*3 no 
other than surface resistance to her motion, and tliis resist- 
ance beinoj balanced does not interfere with the rectilineal 
motion of the ship. But when the rudder is put over to any 
angle it deflects the pailicles of water which it meets on that 
side of the ship. The pressure due to meeting these particles 
of water with the velocity of the ship's motion may be re- 
solved into two components, one in the direction of the ship's 
motion and the other perj)endicular to it. The fi.rst simply 
diminishes the ship's speed, whereas the other tends to drive 
her sideways, but acting through a point abaft the centre of 
the lateral resistance to this sideway motion of the ship, a 
mechanical couple is set up which causes her to rotate about 
her centre of gravity. If the rudder is turned to the port 
side, as shown by ACj tig. 1, Plate LTX., then the action of 
the rotating couple is to turn the bow of the ship likewise to 
port, as shown by the airow B-^ ; her instantaneous motion 
being about her centre of gi*avity G. 

Referring to fig. 1, Plate LIX., we will now proceed to exa- 
mine the. action of the rudder more minutely. A£ i& the middle 
line of the ship^ AC 2» the breadth of the rudder^ which is 
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inclined at an angle 6 to tlic lino of the ship's keel. Let V bo 
the velocity of the ship in knots, and therefore the velocity 
of the stream which meets the rudder, supposing the direction 
of that stream to be right astern. The effect of the pressure 
due to the velocity of this stream upon the rudder may be 
supposed concentrated at the centre of pressure of the rudder 
surface. For all useful purposes this centre of pressure may 
be safely assumed to coincide witk the centre of giavitj of 
the surface of the rudder. Suppose then FLP to represent 
the line of action of the resultant pressure in the direction 
opposite to that of the ship's motion. The component of the 
▼elocity V of the stream, normal to the soifaoe of the rudder, 
is V sin 6^ and if iT is the resistance on a unit of surface 
moving perpendicular to itself with a velocity of one knot, 
the intensity of the normal piessuve produced ia£,V^ sin^ 0; 
supposing that the pressure varies as the square of the 
velocity. As we shaU. hereafter see^ eiqteriments show that 
the pressure does not really vary witJi so great a ratio as the 
square; the assumption is, however, on the safe side when 
calculating the stresses on the rudder head. 

The normal intensity of pressure may be resolved into two 
components, viz., a longitudinal component JT. wn^d, which 
is the direct head resistance offered by the rudder when 
at an angle 6 with the middle liue, and sin^ BcobO 
which gives her sideway motion* This latter pressure acts 
in the direction TP^ and after a short time is balanced by an 
equivalent pressure against the side of the vessel througb 
the centre of lateral resistance L. The effect of this couple 
is to cause the Tsssel to rotate about an axis through her 
centre of gravify, while at the same time she moves forward 
with a velocify somewhat! less than owing to the head 
resistance of the rudder at that angla Hence the ship turns 
in a circle, the smallness of the diameter of which, and the 
shortness of the time in which the circle is turned, being a 
criterion of the efficiency of the steering apparatus which, as 
already stated, it is one of the objecte of a steamship's trial 
on the measured mile to determine. 

806. Angle of Maarimnm Efficiency.— To determine the 
angle at wMch a rudder exerts ita maximum efficiency, we 
xaasb consider two distinct problema ^ 
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L When the steering foroe within the vessel^ either from 
manual, steam, hydraulic, or any other motive power, is not 
limited, to determine at what angle a rudder has the greatest 
turning power. 

II. When a given force is applied, to determine at what 
angle the rudder is most efiieieiit and what breadth the rudder 
should have. 

Wo will now consider these problems separately. 

267* Absolute Angle of Maxiinnin BiBeieney.--Firstly, 
then, we will consider the case when the power applied in 
turning the rudder is not limited. 

Again, suppose the velocity of Hie stream in knots is F, 
anid that it flows directly astern. As already shown (see 
flg. 1, Plate UX.), tiie intensity of the normal pressure 
is jr. sin' 6. The turning moment of this pressure is 
JT. sin' $ X RO^ where RQ is the perpendicnlar from the 
centre of gravity upon PR, Hence &e turning moment 

M=K.V^ sin^ <^xRG 
=:K.V2 sin^ fixl\CxcoB6 
=K.P,G.V» 8in« 

Hence, nnce PJ3^ is practically of constant length for all 
angles of the ruader, if varies as sin'O cos 0. Therefore also 
when if is a maximum, 

s2 8in ^cos* #-8m* =0; 

tan>^=2 

|:i:tan-' V2 
=541 degrees^ 

which is the theoi^etical maximum angle of a inidder's 
efficiency in turning a ship when the power applied in turn- 
ing the rudder is not taken into account. 

268. Angle of Maximum Efficiency with regard to the 
Power applied. — In fig. 2, Plate LIX., let ^1(7 be a rudder 
of breadth 7i, and Ac another rudder of breadth 6, each of 
which is moved by the aj)plication of the same power at the 
rudder head. Suppose the speed of the ship to be tlie same 
in both cases, then the ratio between the angles a and 6^ to 
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wbieh the rudders AO and will be respeotivelj tunied| 
is determined bj llie expression 

sin ot h 
sift ^ ~ B*- 

This was proved in the following manner by Mr. F. K. 
Barnes, in a paper read before tbe Institution of Naval 
Architects in 1864. 

The normal pressures on the rudders are proportional in 
the one case to B sin" a and in the other to h sin^ 0, there- 
fore the moments of these pressures about the axes of the 

rudders are proportional to 2 ^^^* ^ei^cCi 

since these moments arc the same, 

£^ Bin' • d« sin^ 4 

2 " 2 

B* 8m« m -h"* mil' 4 
B sin « = 6 sin 0 
■in» _ 6 

In the same paper Mr. Barnes showed tiiat the effects of 
the radders to tarn the ship in the two cases will be in the 
ratio sin 2a to sin 2B. 

For ihe turning moments of the rudders aiOi respectively, 
proportional to ^ sin* a 00s a and 6 sin' docs 0. Oallingthese 
if and m, 

then M : msB tin* « cos « : 5 sin* I oob 
But B sin wkif 

as already shown. Therefore, 

M ; m = 8in ft cos a : mn 4 cos 4 

= sin 2« : sin 26. 

From this result we gatlier an important fact. The value of 
2a or 20^ for which the sine is a maximum, is 90^, and 
therefore a or 0 is 45". 

Hence the best breadth of rudder for a ship when moving 
at a given speed is that which allows the rudder to be turned 
to an angle of 45°, with the steering power available. Since, 
given a certain power of turning the rudder head, that power 
is most efiioienUy applied in taming the vessel when the 
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rudder is at an angle of 45°, hence it is necessary that the 
rudder should not exceed a certain breadth. 

Suppose the values of a and 6 to be 15 and 30 degrees 
respectively; then 

h sin 15* 1 , , , 
fr=iB (nearly) 

and the effects of the rudders in turning the ship in the two 
cases will be as sin 30' to sin 60°, or as 1 to If. The ratio 
between the effects of two ruddera in turning a vessel when 
at angles of 15^ and 45^ rcsjx?ctively are as ^ : 1 or 1 : 2, 
supposing their breadths to be in the mtio of sin 45° to 
sin 15^. Tlins narrow ruddei-s at large angles (up to 45°) are 
equally as ethcient as broad rudders at small angles, the speed 
of the ship beini:^ the same. 

The speed of the water wliich meets the rudder of a screw 
steamship is greater than the speed of the ship, hence such 
ships require narrower rudders than sailing ships. If it 
were practicable it would be desiraljle to have two available 
breadths of rudder for a ship which steams at one time and 
sails at another, the narrower one for use when steaming and 
the broader when sailing. 

259. Usnal Angle of Badder. — ^Although 45 degrees is 
the best angle at which to use a rudder, yet, as will be readily 
seen, it is but slightly better than at 40 degrees, whereas the 
l^ower expended in getting the rudder through the additional 
5 degrees and the additional head resistance are considerable. 
Henoe it is customaiy in wood vessels to " beard " the rudder 
and rudder-post so as to allow of the rodder taming through 
an angle of about 40 or 42 degrees each way. 

The rudder is rarely worked beyond about 15 degrees in 
large steamships, as the power required to turn it beyond 
that angle is usually so enormous. There can be little 
doubt that rudders are frequently made too wide^ and that 
of proportioning their width to the area of the 
immersed middle line longitudinal plane of the ship^ o^dy* 
due regard should be had to the speed of the vessel. 

260. Areas of &adden.---The following is a list of the 
areAS of radder wnxS^ their proportions to the areas 
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tiie immetsed longitudinal vertioal plane in the undermen- 
tioned ships of Her Majesty's Navy: — 



Namb or Ship. 



Canopus, .... 
Aretnnsa,,.,. 
Warrior J .... 

SJiah, 

BelleropJion, 

Achilles, 

Himalaya^ .. 
Devastation, 

Cyclops, 

QUUUm, 



Area of Rudder 
in«|iuur»feet. 


Area of 
Vertical Section. 


Area of Section 
Hivi*i**<i y*v fit A 

Area of Rudder. 


127 


4592 


36-1 


114 


6359 


47 0 


1 fin 


00*71 


01 O 


203 


7455 


36-7 


248 


7901 


29-4 


1G6 


0702 


59 0 


10.5 


6290 


60 0 


165 


7615 


461 


95 


3613 


381 


163 


4579 


28*0 



The ratios vary from in the GlaUon to -^^ in the 
Himalaya. The former is a full bodied monitor of low speedy 
and as the motion of the water against the rudder is no doubt 
deflected from the fore and aft direction owing to the fonn 
of the after body, there seems some reason in this case for 
the apparently excessive ratio. The Himalaya^ on the other 
hand, is ii fast steam troopship with fine lines, and experience 
shows that her low ratio of is ample for the vessel. 
Admiral llalsted stated before the Institution of Naval 
Architects in 186-1: that "reasonable grounds have been 
shown, from combined sailin,^ experience and successful gun- 
boat experience, that 1 square foot of rudder area to every 38 
square feet of immersed longitudinal area of the ship at load 
di-aught may be assumed as an effective general standard for 
rudder surface." We question, however, whether any such 
standard can be fixed, as the conditions of diverse types of 
ships are so different. 

261. Ratio of Pressure and Velocity. — It has been 

assumed in this chapter that the pressure of the water on a 
rudder varies as the square of velocity. Experiments made 
on H.M.S. Warrior, by means of a dynamometer, show that 
when the 8j>eeds vary as 1 : 2 : 3 : 4 instead of the pressures 
varying as P : 2^ : 3^ : 4^ or 1 : 4 : 9 : 10, the actual pressures 
were as 1 : 3 : : 8J, which is less than the assumed rate of 
increase. The error made upon the assumption that the 
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pressure Taries as ibe square of the velocitj whenever applied 
in praedoe to determine the taming moment or the stress 

upon the rudder head, will be on the wrong side in the former 

but on the safe side in the latter case. 

262. The Balanced Rudder. — The enormous power re- 
quired in order to get the rudders of high powered armour- 
clads over to an efficient angle, and the conseciuent stresses on 
the rudder heads, rudder posts, and stern fraraing of these 
ships, has caused our Naval Architects to seek for some form 
of rudder which, while possessing the same etliciency as the 
ordinary type, shall yet require the expenditure of less work 
to get it over to the desired angle, and less ])owcr to keep it 
there while the speed of the ship is maintiiined. The balanced 
rudder has been found to fultil these conditions to a useful 
degree so long as the ship is propelled by steam, but when 
recourse is had to sail power the rudder has been fouud 
objectionable. 

The balanced rudder is said to have been invented by Earl 
Stanhope in 1790, but not in precisely its present form. 
The credit of having j)ractically tried the balanced rudder is 
generally assigned to Captain Sliuldham, R.N., who exjieri- 
mented with it in the year 1819. It was not, however, until 
1863 that anything like a satisfactory test was made of its 
qualities. Admiral Sir A. C. Key (then captain of the Steam 
Keserve at Devonport) suj)erintended trials of the balanced 
rudder on H.M. gunboat jDelighty which he reported as being 
"quite successful." Since then it has been fitted in several 
armour-clad ships of our o\ni and other navies. At fii-st, 
difficulties were experienced in mancBuvering under sail, to 
meet which, modifications in the rudder were made, as will 
be explained presentlj, but more recent experience has shown 
that there are so many disadvantages attending ite use that 
it is no longer adopted in the Boyal Navy. 

Referring to Plate LX., CCi represente a balanced rudder, 
A being the axis. F is the centre*of pressure-HEitill assumed 
to coindde with the centre of gravity of the ai*ca — PR the 
direction of the resolved normal pressure, and GM is the arm 
of the turning oouple. Let OOi^B. The turning moment 
in this case is proportional to 

B.y*8m«^oos#xi)G. 
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Let AG<^ be an ordinary rudder of the same area as the 
balanced rudder, and of the same breadth B. is its centre 
of pressure, and Glt^ is the arm of the turning couple; hence 
the turning moment in this case is proportional to 

Now pG and pfi are practicallj equal, hence the turning 
moments of the two ruddei-s are practically the same. This 
is on the supposition that the stream of water inpinging on 
the rudder meets it under similar cii'oumstances, that is, 
leaves the surface of the after body with the same direction 
and velocity. This latter is purely an experimental question, 
and was answered in the affirmative by Admiral Key in 18G3. 

Neact^ we have to consider the relative forces required to 
turn the rudders to the same angle. 

The stress on the rudder head in the case of the balanced 
rudder depends upon the position of the axis. The best 
position as determined by Admiral Key's experiment was at 
ono-third the breadth of the rudder from the forward edge. 

cc 

Hence if is equal to the turning moment at the 
rudder head to get it over to an augle 6 is proportional to 

o 6 

Now, the moment to turn the ordinary rudder is readily 
seen to be 

Hence three times the power is required to get the ordinary 
rudder of breadth B to the angle 0 that is required for the 
balanced rudder of the same breadth and same efficiency, 
with its axis at one-third its breadth from the forward edge. 
It is obvious that the stress at the rudder head diminishes as 
the axis approaches the middle of the rudder, and supposing 
the pressure exerted by the particles to be uniform through- 
out the breadth of the rudder, there would be no more force 
required in turning than is necessary to overcome the inertia 
of the rudder. We should here remark that this latter force 
likewise dimuaiahes rapidly as the axis approaches the middle 
of the breadtii, thus contributing another element of supe- 
xioriiy in the balanoed over the ordinary rudder. 

4b 2a 
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The adyantage of the balanced rudder ia apparent only 
when the speed of the ship kmaintained by BU»m power, or 
a body of water is driven against tlie rudder by the screw 
propeller, even when the Teasel's motion ahead is Tozy sznalL 
When sailing, the speed of the ship is considerably reduced 
by putting the helm over, and when the sails are shaking 
and the head of the vessel p<nnis in the direction from whence 
the wind is blowing, she rapidly loses all steerage-way," and 
frequently ''miaaes stays." There is little doubt that owing 
to the portion of tiie rudder being on the opposite side 
of the am of rotation, the turning of the ship is impeded 
when the ^ steerage-way " is diminished or lost 

An attempt was made to get over this olgection by fitting 
the J5r«rctt2s9 with a balanced rudder, the fore portion AC^ of 
which could be locked in a fore and aft direction when 
desired, leaving the portion AO to rotate with the same effect 
as an ordinaiy rudder of that breadth. The fkct of this 
experiment not being repeated in recent vessels ia a proof 
that even this improvement on the usual balanced rudder has 
not met with sufficient success to warrant its being used in 
preference to the ordinary ruddei rotating about an axis at 
its forward edge. 
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MIDDLESEX, LANCASHIRE, YORKSHIRE, WARWICK, 

DURHAM, CUMBERLAND, DERBYSHIRE, DORSET, 
GLOUCESTER, HAMPSHIRE, SOMERSET, STAFFORD, 
AND WILTS j each 54 in. by 48 in., o o 



CHART OF METRIC SYSTEM. 

CHART OF THE MEfRIC SYSTEM OF WEIGHTS AND 

MEASURES. Size 45 in. by 42 in., price, on Rolleis, 9 o 

London, Bdmbiug]4^|ndaon:iot Hill Worlu, Glaasow; 
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